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PREFACE 


This  report  was  prepared  by  the  Pennsylvania  Geological  Survey  to 
afford  the  local  oil  and  gas  industry,  and  most  specifically  the  many 
independent  oil  and  gas  developers  in  Pennsylvania,  a summary  of  the 
major  modern  subsurface  geophysical  logging  methods.  From  this 
summary  the  local  oil  and  gas  operator,  and  others  in  the  industry, 
should  be  able  to  obtain  sufficient  background  information  to  better 
evaluate  and  utilize  logging  techniques  and  engineering  procedures, 
and  will  thus  be  able  to  make  improved  selections  of  logging  programs 
to  obtain  optimum  subsurface  information. 

Others  engaged  in  the  evaluation,  utilization,  and  understanding  of 
the  subsurface  should  similarly  benefit  from  having  a ready  reference 
to  the  general  application  and  results  of  these  methods  of  obtaining 
subsurface  information.  Adaptation  of  some  of  these  methods  to  evalu- 
ation of  such  everyday  geological  problems  as  definition  of  shallow 
fresh  water  sources,  depth  to  bedrock  and  the  nature  of  the  bedrock, 
transfer  of  pollutants  into  and  through  surface  materials,  hazardous 
near  surface  conditions,  and  near  surface  nonfluid  resources  should  be  of 
interest  to  planners,  construction  firms,  conservationists,  industry,  and 
the  public.  Realization  of  such  diversified  application  can  be  obtained 
from  the  basic  understanding  of  geophysical  logging  methods  afforded 
by  this  report. 
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A SUMMARY  OF  MAJOR 
GEOPHYSICAL  LOGGING  METHODS 

by 

Dana  R.  Kelley 


ABSTRACT 

This  report  reviews  the  major  subsurface  geophysical  logging  methods  available 
domestically.  The  principles  upon  which  these  methods  are  based,  the  effects  to  be 
considered  from  the  evaluation  of  these  methods,  and  the  uses  of  these  methods  are 
summarized  in  text,  figures,  and  tables.  The  presentation  of  this  type  of  generalized 
compilation  of  geophysical  logging  methods  has  been  changed  from  other  available 
compilations.  The  type  of  subsurface  information  is  stressed  rather  than  the  geo- 
physical principles  upon  which  the  methods  are  based.  The  objective  of  this  change 
is  to  enable  the  reader  to  readily  appreciate  the  methods  available  to  obtain  the 
desired  subsurface  information. 

The  resume  is  directed  and  related  to  Pennsylvania  and  immediate  surrounding 
areas.  Improved  appreciation  of  geophysical  logging  services  and  engineering  advice 
is  stressed.  The  bibliography  affords  a source  for  obtaining  more  specific  and  detailed 
information. 


INTRODUCTION 

The  purpose  of  this  report  is  to  present  a resume  of  modern  logging 
methods,  their  use  and  the  information  they  afford.  It  is  primarily 
directed  toward  oil  and  gas  operators  in  Pennsylvania  who  neither  have 
the  time  nor  engineering  assistance  to  keep  abreast  of  this  highly  technical 
field  of  subsurface  evaluation. 

Since  the  first  practical  application  of  an  electric  log  in  Pechelbronn, 
France,  in  1927,  more  than  40  different  subsurface  evaluation  tools  have 
been  developed.  Some  of  these  are  complex  electronic  devices  costing 
upwards  of  $100,000  per  field  unit.  Figures  1 and  2 illustrate  the  modern 
logging  truck  and  Figure  3 the  sonde,  a complex  subsurface  electronic 
device  which  makes  measurements  in  the  bore  hole.  With  advanced 
interpretation  techniques  the  use  of  these  logs,  alone  or  in  combination, 
provides  valuable  qualitative  and  semiquantitative  information  on  litho- 
logy of  rock  formations,  presence  and  magnitude  ot  porosity  and  occasion- 
ally permeability,  relative  quantities  of  contained  gas,  oil,  and  water, 
and  in  some  cases  an  appraisal  of  ions  in  fluids  and  formations,  such  as 
hydrogen,  chlorine,  oxygen,  and  calcium. 
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Figure  1.  Logging  truck  with  automatic  programmed  circuitry  (Courtesy 

of  Dresser  Atlas) . 
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Figure  2.  Views  of  the  rear  and  part  of  interior  of  a logging  truck  (Courtesy  of  Schlumberger)  . 
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geophysical  logging  methods 


Figure  3.  Electric  log  sonde  (Courtesy  oi  Schlumberger)  . 

Today  well  logging  has  become  so  complex  that  interpretation  by 
qualified  specialists,  the  highly  trained  logging  engineers,  is  required 
if  all  the  available  and  reliable  information  from  a log  suite  is  desired. 
The  Society  of  Professional  Well  Log  Analysts  was  organized  in  Tulsa 
in  1958,  in  order  to  have  a means  of  dispersal  of  the  accumulating  infor- 
mation in  this  rapidly  expanding  field.  Because  of  the  complexity  of  this 
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field,  no  attempt  will  be  made  in  this  report  to  illustrate  or  completely 
describe  methods  of  log  interpretation  or  engineering  details.  Such 
activities  rightly  fall  in  the  province  of  the  qualified  log  analyst,  and 
in  the  services  supplied  by  the  various  logging  companies. 

A general  review  of  the  various  types  of  subsurface  logging  methods, 
the  principles  governing  the  applicability  of  these  methods,  and  the  type 
of  information  that  can  be  expected  to  be  retrieved  after  interpretation 
is  summarized  in  this  report.  This  resume  is  intended  to  afford  a basis 
from  which  operators  can  make  a selection  of  the  type  and  number  of 
logs  necessary  to  afford  desired  information  and  should  be  used  in  con- 
junction with  recommendations  made  by  professional  logging  personnel. 
It  is  also  hoped  that  operators  will  better  understand  the  recommenda- 
tions made  by  these  specialists  and  gain  an  appreciation  of  the  technical 
experience  and  knowledge  that  is  entailed  in  the  recording  and  inter- 
pretation of  subsurface  geophysical  logs. 
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THE  RIGHT  LOGS 

Logging  programs  are  specifically  designed  to  afford  maximum  forma- 
tion information  under  varying  local  borehole  conditions  and  subsurface 
lithologies.  Certain  types  of  logs  are  adapted  to  measure  specific  parame- 
ters under  particular  conditions.  Consequently,  it  is  important  to  use 
the  proper  logs  for  the  existing  borehole  conditions. 

Although  some  logging  methods  are  usable  in  widely  divergent  condi- 
tions, the  restricted  use  of  just  these  methods  frequently  results  in  in- 
complete retrieval  of  available  data,  and  in  many  cases  critical  information 
is  not  obtained.  In  addition,  proper  or  complete  interpretation  depends 
on  the  right  log  being  run.  Modern  well  logging  methods  can  afford 
a wealth  of  geological  and  engineering  data  essential  to  the  evaluation 
of  commercial  hydrocarbon  and  nonmetallic  resources  in  the  subsurface. 
To  obtain  this  required  information,  multiple  logs  or  log  suites  are 
nearly  always  essential.  Considering  the  total  cost  of  a well,  a properly 
designed  log  suite  represents  but  a small  proportion  of  this  cost.  The 
rewards  afforded  by  the  data  obtained  from  an  optimumly  designed  log 
suite  more  than  make  up  this  cost,  whether  the  well  is  subsequently 
dry  or  completed.  The  well  that  is  drilled  not  only  represents  a conduit 
for  extraction  of  commercial  hydrocarbons  from  a known  productive 
zone,  but  more  importantly,  it  is  a method  of  obtaining  otherwise  con- 
cealed geological-engineering  data  from  which  regional  and/or  local 
evaluation  of  all  potential  and  prospective  hydrocarbon  resources  in  the 
suprajacent  rocks  can  be  appraised.  Regardless  of  the  quality  of  sub- 
surface geological  interpretations,  only  drilling  can  uncover  the  facts. 
Subsequent  to  drilling,  completion  and  secondary  recovery  operations 
frequently  make  acquisition  of  certain  additional  log  information  im- 
possible. In  other  words,  this  data  becomes  irretrievable.  Thus,  con- 
siderable additional  expense,  usually  by  drilling,  becomes  necessary  when 
the  future  secondary  objectives  become  prime  targets,  or  when  more 
information  on  the  original  target  is  needed  for  application  of  new  or 
additional  recovery  methods  or  offset  well  testing. 

Because  of  the  volume  of  practical  log-derived  subsurface  data  that  can 
be  obtained  for  a well,  computer  methods  have  been  applied  to  compile, 
integrate,  in  part  analyze,  and  present  this  data  in  a more  usable  form. 
Such  methods,  offered  by  a few  service  companies  improve  and  greatly 
facilitate  interpretation.  With  continued  rapid  advance  of  well  logging 
techniques  an  increased  use  of  computer  methods  can  be  expected. 
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In  Pennsylvania,  unfortunately  not  all  logging  services  are  readily 
available  to  the  operator  at  standard  cost.  A complete  line  of  services  is 
not  being  offered  at  this  time  within  the  State.  Supply  and  demand  is  the 
important  factor  as  in  all  other  services.  Without  demand  the  service 
companies  cannot  make  equipment  ami  experienced  interpretive  per- 
sonnel available  to  the  Pennsylvania  oil  and  gas  industry.  A demand  for 
services  not  being  offered  within  the  State  will  hardly  materialize  it  the 
usefulness  of  the  service  is  not  appreciated  by  local  operators.  The  late 
application  of  proven  modern  logging  methods,  such  as  the  sonic  log 
by  the  oil  and  gas  industry  ol  Pennsylvania,  is  well  known.  I heie  is 
little  doubt  that  the  added  information  afforded  by  the  new  methods 
would  significantly  stimulate  the  local  industry.  Apathy  and  or  com- 
placency on  the  part  mainly  ol  local  operators  and,  to  a much  lessei 
extent,  ol  service  companies  should  be  overcome  il  the  economic  benefit 
from  the  excellent  potential  for  discovery  ol  significant  reserves  of  oil 
and  gas  near  major  markets  is  to  be  realized  in  the  State.  It  takes  modern 
technology  to  find  and  exploit  the  large  reserves  ol  hydrocarbons  that  are 
concealed  from  surficial  or  routine  observation,  or  cursory  well  evaluation. 
It  is  hoped  that  this  resume  will  stimulate  enough  interest  by  operators 
for  more  information  on  services  not  readily  available  in  the  State,  and 
that  by  a cooperative  effort  on  the  part  ol  both  the  operators  and  the 
service  companies  these  methods  can  at  least  be  adequately  tested,  and 
hopefully  become  standard  procedure. 

GENERAL  LOGGING  METHODS 

The  selection  of  an  appropriate  log,  or  suite  oi  logs,  is  dependent  on 
two  major  factors:  hole  condition  and  lithology.  Five  specific  categories 
of  drilling  fluid  and  borehole  conditions  influence  the  log  type.  These 
are:  (1)  open  hole  filled  with  fresh  water  or  mud,  (2)  open  hole  filled 
with  saltwater  or  mud  (+20,000  ppm)  , (3)  open  hole  filled  with  oil 
or  emulsion  muds,  (4)  open  hole  filled  with  air  or  gas,  and  (5)  cased 
holes.  In  general  there  are  three  types  ol  lithology  that  influence  the 
type  of  log  selected,  d hese  are:  (1)  unconsolidated  formations  with  high 
porosity,  (2)  consolidated  formations  with  medium  porosity,  and  (3) 
consolidated  formations  with  low  porosity.  1 he  various  log  types  have 
been  indexed  to  these  categories  ol  hole  condition  and  lithology  in 
appended  Table  7. 

Generally,  subsurface  logging  methods  indirectly  define  properties  of 
rocks  by  sensitive  measurement  ol  minute  amounts  ol  various  types  ol 
natural  or  induced  radiation  or  electrical  currents  in  the  rock  and  boie- 
hole.  Borehole  conditions  and  the  composition  of  the  rock  and  included 
fluids  determine  the  amount  and  kind  ol  natural  radiation  or  electiical 
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reaction  that  occurs.  There  are  various  types  of  highly  sensitive  instru- 
ments used  in  making  these  measurements.  Basically  all  of  these  instru- 
ments are  contained  within  a cylindrical  torpedolike  package,  the  sonde 
(Figure  S) . The  sonde  contains  one  or  more  detectors,  transmitters,  and 
amplification  devices  appropriate  to  the  type  of  log  being  run.  The 
type,  arrangement,  and  spacing  between  the  devices  contained  within 
the  sonde  is  important  and  should  be  considered  in  interpretation  of 
results. 

The  sonde  is  lowered  into  the  borehole  by  means  of  a wire  line  which 
contains  the  electrical  cable  that  transmits  the  electrical  signals.  These 
electrical  signals  transmit  measurements  from  the  sonde  to  the  surface 
where  they  are  electronically  transcribed  and  recorded  in  various  ways  on 
chart  recorders,  magnetic  tapes,  films,  oscilloscopes,  etc.  The  transcribed 
measurements  are  automatically  plotted  or  transferred  to  film,  special 
paper  formats,  or  other  kinds  of  permanent  records,  which  reflect  the 
type  and  magnitude  of  measurement  relative  to  depth.  These  measure- 
ments are  continuously  recorded  as  the  sonde  is  either  lowered  into  or 
raised  from  the  borehole  at  a predetermined  speed.  The  rate  of  sonde 
movement  (up  or  down  in  feet  per  minute)  is  sometimes  a factor  in 
interpretation.  Aberrations  in  measurements  can  occur  in  some  types  of 
logs  when  the  logging  rate  is  too  slow  or  too  fast.  Other  factors  of  im- 
portance in  the  mechanics  of  logging  are  the  calibration  of  the  logging 
tool  (in  and  out  of  the  borehole)  and  the  sensitivity  and  timing  of  the 
equipment  in  the  sonde  and  surface  recorders. 

METHODS  USED  IN  REVIEWING  TYPES  OF  LOGS 

In  this  resume  the  various  major  log  types  will  be  discussed  under 
separate  categories  which  indicate  the  kind  of  information  primarily 
obtained  from  use  of  the  log,  rather  than  by  a general  listing  reflecting 
the  principle  being  used  to  make  the  measurement.  Regardless  of  the 
arrangement  in  discussing  logging  tools,  overlap  will  exist.  Different 
logging  tools  can  supply  to  a certain  extent  similar  information,  and 
many  different  logs  are  founded  on  a similar  basic  principle.  The  opera- 
tor is  primarily  interested  in  obtaining  specific  information,  regardless 
of  the  principle  involved.  Consequently,  it  is  believed  that  a survey  of 
this  type  could  be  most  useful  if  an  attempt  is  made  to  review  the  various 
methods  by  primary  type  ol  information  recovered. 

The  format  used  in  this  generalized  report  will  be  to  describe  those 
logs  whose  primary  function,  or  most  widespread  usage,  is  in  one  of  the 
following  information  categories:  lithology,  porosity,  or  fluid  identifica- 
tion. Since  many  of  these  logs  will  afford  data  in  a second  category 
as  well,  this  category  will  be  subtitled  in  the  discussion  of  the  use  of  the 
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log  and  cross-referenced  as  a listing  under  the  heading  of  the  second 
category.  The  brief  discussion  of  each  major  type  of  log  will  include  the 
principles  on  which  the  log  is  based,  effects  to  be  considered  in  evaluation 
of  the  log,  and  uses  of  the  log.  No  attempt  is  made  to  fully  describe  all 
modifications  of  a basic  log  type.  The  context  of  this  report  is  primarily 
to  make  the  operator  aware  of  the  various  logs  being  offered  at  the 
present  time  and  what  basic  data  he  can  expect  from  these  logs.  The 
interpretation  and  the  complex  details  of  logs  and  their  use  are  of 
secondary  importance.  There  are  many  excellent  available  reviews  and 
discussions  of  geophysical  logs  which  go  into  details  of  theory,  electronic 
construction  of  equipment,  geophysical  engineering,  and  interpretation. 
Appended  references  are  available  for  those  interested  in  pursuing  fur- 
ther information  on  logging.  In  addition,  logging  service  companies  are 
most  happy  to  supply  specific  information  when  requested. 

The  order  of  presentation  of  the  resume  of  the  major  log  types,  and 
the  consideration  of  log  suites  in  general,  is  based  on  the  following 
reasoning.  Significant  deposits  of  hydrocarbons  can  only  occur  when  there 
are  subsurface  reservoirs  capable  of  containing  these  fluids.  Obviously, 
dense  rocks  do  not  have  sufficient  void  volume  to  make  attractive  reser- 
voirs. However,  there  are  various  porous  rock  types  that  characteristically 
make  excellent  reservoirs  for  containing  commercial  volumes  of  fluids. 
A few  of  these  types  are  beach,  bar,  deltaic,  or  fluviatile  sandstones,  reef 
complex  carbonates,  and  dense  rocks  that  have  become  porous  as  the 
result  of  solution  and  recrystallization,  mineral  alteration,  or  fracturing. 
The  definition  and  resultant  delineation  of  these  reservoirs  is  largely 
based  on  lithological  criteria  or  structural  data  derived  essentially  from 
lithologic  criteria.  Consequently,  to  fully  appraise  a reservoir,  lithologic 
data  is  required.  Knowing  that  we  have  a possible  container  for  hydro- 
carbons, the  next  important  consideration  is  the  quality  of  this  con- 
tainer for  having  significant  accumulations  of  fluids,  that  is  the  volume 
of  void  spaces.  In  essence,  information  on  porosity  will  allow  us  to  calcu- 
late the  quantity  of  fluid  contained  in  the  reservoir  under  given  condi- 
tions of  pressure  and  temperature.  Finally,  we  will  want  to  know  what 
these  fluids  are,  that  is,  how  much  gas,  oil,  or  water  is  present  in  the 
pores  ol  the  reservoir  rock,  and  if  possible,  what  kind  of  water  (salt  or 
fresh)  occurs. 

The  order  ol  discussion  used  in  the  following  resume  conforms  to  the 
relative  importance  of  subsurface  information  needed  in  appraising  a 
subsurface  hydrocarbon  deposit.  Logging  methods  which  will  afford 
lithologic  data  are  presented  first,  followed  in  order  by  an  outline  of 
logging  methods  which  afford  porosity  information,  and  finally,  a descrip- 
tion of  the  logging  methods  which  distinguish  fluids  contained  in  the 
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PRIMARY  LITHOLOGY  MEASURING  LOGS 

GAMMA  RAY  LOGS 

(Can  be  taken  in  fluid-piled  or  empty  holes,  open  or  cased) 

Principle 

The  gamma-ray  log  measures  the  natural  radioactivity  of  rocks.  Gamma 
rays  are  high-energy  electromagnetic  waves  like  light  and  heat.  They 
result  from  the  decay  of  radioactive  elements  such  as  uranium,  thorium, 
and  potassium.  These  waves  are  highly  penetrating  but  are  absorbed 
by  matter,  the  energy  of  the  waves  gradually  decreasing  with  distance 
travelled.  The  distance  investigated  by  the  log  in  open  hole  is  approxi- 
mately 1 foot,  and  in  cased  holes  approximately  i/2  foot. 

Different  rock  types  emit  gamma  rays  in  proportion  to  the  concentra- 
tion of  radioactive  elements  present  in  the  rocks.  For  example,  shales 
having  high  concentrations  of  potassium,  are  strong  gamma-ray  emitters 
compared  to  sandstones  composed  mostly  of  quartz  (SiOo)  and  limestones 
composed  mostly  of  calcite  (CaCO:{)  . Figure  4 and  Figure  5 illustrate 
lithological  differentiation  afforded  by  gamma-ray  logs. 

Although  gamma  rays  cannot  be  detected  directly,  they  interact  with 
matter  causing  ionization  and  the  release  of  electrons  which  can  be 
measured  by  various  types  of  gamma-ray  detectors,  such  as  ionization 
chambers,  Geiger  Mueller  counters,  or  scintillation  counters.  Figure  6 
illustrates  the  gamma-ray  sonde  which  measures  the  variations  in  this 
electron  flow  as  it  is  raised  in  the  borehole.  The  scintillation  counter  is 
the  most  efficient.  Standard  measurements  have  been  recorded  in  various 
ways,  such  as  in  micrograms  ol  radium-equivalent  per  ton,  milliroentgens 
per  hour  (mr/hr) , counts  per  second,  and  by  deflections  from  a calibrated 
reference.  The  gamma-ray  curve  is  now  generally  recorded  in  standard 
API  units. 


Effects  to  be  Considered  in  Evaluation 

Borehole  diameter  variations  do  affect  gamma-ray  readings.  Differences 
in  hole  size  should  be  taken  into  consideration  by  the  use  of  tables.  Cor- 
rection charts  are  also  available  for  casing  and  cement  thicknesses  when 
the  tool  is  used  in  cased  holes.  Resolution  of  bed  thicknesses  and  bounda- 
ries are  good  except  for  very  thin  beds  (less  than  5 feet)  . For  thin  bed 
resolution  short  detectors  can  be  used.  The  composition,  resistivity,  and 
invasion  of  the  drilling  fluid  as  well  as  mud  cake  thickness  have  little 
influence  on  the  log,  consequently  this  tool  can  be  run  in  all  types  of  open 
and  fluid-filled  or  cased  holes.  Calibration  and  standardization  of  the 
tool  and  statistical  checks  should  be  evaluated  in  interpretation.  All 
geophysical  logs  show  instrumental  or  statistical  fluctuations  similar  to 
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Figure  4.  Gamma-ray  log  (Adapted  from  Schlumberger)  . 
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NOTE  ■- 

Log  characteristics 
of  curves  for  Lime 
sections  are  what 
would  also  be  expec- 
ted in  tight  sands 


GAMMA  RADIATION 

COUNTS  PER  SECOND 

10  no 


Figure  5.  Selection  of  boundaries  from  the  gamma  radiation  curve 

(Adapted  from  Halliburton)  . 


Figure  6.  From  left  to  right:  casing  collar  locator,  gamma  ray,  neutron, 
guard,  and  caliper  tools  (Courtesy  ol  Birdwell)  . 
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Figure  4.  It  is  important  to  know  the  magnitude  of  these  variations 
through  prior  statistical  checks  so  that  they  will  not  be  considered  as 
reflecting  variations  caused  by  properties  of  the  formations  being  logged. 

Uses 

Because  the  log  indirectly  measures  abundances  of  radioactive  elements 
contained  in  rock,  and  seldom  present  in  natural  fluids,  it  is  the  best 
tool  for  determining  lithology  (Figure  7)  . Another  major  use  is  as  a 
tracer  log  in  determining  the  location  of  natural  or  artificially-induced 
permeability  channels  which  selectively  take  fluids,  or  in  measuring  the 
flows  of  gases  or  liquids  that  have  been  treated  with  various  types  of 
radioactive  materials.  Figure  8 illustrates  a tracer  log  used  in  determining 
zones  that  were  affected  by  treatment  and  are  open  to  fluid  transfer. 
The  zones  selectively  taking  the  treated  fluid  are  readily  recognizable  by 
repeated  runs  of  the  gamma-ray  log  as  shown. 

One  of  the  more  important  uses  of  t'he  gamma-ray  log  is  in  the  appraisal 
of  the  shaliness  or  “cleanness”  of  producing  or  prospective  horizons.  This 
knowledge  can  be  critical  in  establishing  accurate  porosity  determinations 
in  conjunction  with  some  of  the  porosity  logs  to  be  discussed  later.  Figure 
9A  illustrates  the  determination  of  shaliness.  Through  prior  geological 
experience  it  is  possible  to  establish  a base  line  of  minimum  radioactivity, 
or  90  to  fOO  percent  shale-free  reservoir  carbonate,  or  evaporite  and  a 
base  line  of  maximum  radioactivity,  or  100  percent  shale  or  zero  reser- 
voir, using  any  linear  scale.  The  range  in  radioactivity  between  the 
base  lines  can  be  proportioned  from  0 to  100  percent  and  a determination 
of  shaliness  for  any  part  of  the  log  can  be  made  in  percent.  The  use- 
fulness of  this  parameter  in  improved  geological  mapping  of  reservoir 
zones  is  widespread.  Delineation  of  reservoir  zone  distribution  by  shale- 
free,  gamma-ray  mapping  in  Pennsylvania  can  be  seen  in  recent  geological 
studies  (Kelley,  1966;  Kelley,  1967). 

Considerable  application  of  the  gamma-ray  log  has  been  made  by  adapt- 
ing equipment  to  produce  a gamma-ray  log  of  core  at  the  surface.  This 
core  gamma  surface  log  can  be  matched  with  the  subsequent  gamma-ray 
down  hole  log  affording  more  accurate  location  of  perforations  in  thin 
reservoirs  when  there  is  a discrepancy  between  drillers  and  log  depths 
(Figure  10)  , more  accurate  location  of  cored  interval  in  the  section,  and 
better  identification  of  lost  core  intervals.  The  core-gamma  surface  log 
can  also  be  utilized  in  anticipating  pay  zones  and  eliminating  unnecessary 
coring  by  correlation  with  nearby  gamma-ray  logged  wells.  Depth  dis- 
crepancies of  up  to  6 feet  between  core  interval  depths  and  log  depths 
have  been  noted  in  700-foot,  total  depth,  shallow  Devonian  wells  in 
Pennsylvania.  Perforations  based  on  core  analyses  and  applied  to  log 
depths  could  therefore  be  significantly  misplaced  and  result  in  poor 
completions. 
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Figure  7.  Qualitative  interpretation  ol  neutron  log  and  gamma-ray  log 
(open  hole-water  base  mud)  , (Adapted  from  Schlumberger) . 
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Figure  9.  Determination  of  reservoir  shaliness  and  correct  neutron 
porosity  from  gamma-ray  and  neutron  logs  (Adapted  from  Birdwell)  . 
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CORE  GAMMA 
SURFACE  LOG 

Driller  s 


GAMMA-RAY 
DOWN-HOLE  LOG  Log 


Figure  10.  Core  gamma  surface  log  (Adapted  Iront  Core  Lab). 

LOGS  LISTED  UNDER  OTHER  CATEGORIES 
THAT  AFFORD  USEFUL  LITHOLOGIC  DATA 

The  following  logs  also  provide  uselul  lithologic  data:  the  density 
lag  lor  gross  lithology  determinations  uselul  in  gravity  surveys;  the 
sonic  log  lor  anhydrite  and  salt  differentiation  and  lor  gross  lithology 
determinations  lor  seismic  surveys;  the  caliper  log  lor  determination 
of  variations  in  si/e  of  the  borehole  wall  caused  by  variations  in 
lithology;  and  the  spontaneous  potential  log  largely  reflects  lithology 
but  can  be  greatly  influenced  by  fluids  in  borehole  and  formations,  and 
thus  can  be  less  definitive  of  bed  boundaries  than  the  gamma-ray  log. 
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Dipmeler  surveys  rellecl  i lie  altitude  ol  planar  surlaccs  intersecting  the 
borehole.  These  can  be  extremeb  useful  in  establishing  faults,  fractures, 
and  the  dip  of  formations  and  reservoir  /ones.  Some  electrical  surveys, 
particularly  with  the  micro  devices,  are  significantly  affected  by  minor 
lithologic  variations.  With  experience  these  /ones  can  be  defined  through 
interpretation. 

PRIMARY  POROSITY  MEASURING  LOGS 

NEUTRON  LOGS 

(Can  be  taken  in  fluid-filled  or  empty  holes,  open  or  cased) 

Principle 

Neutron  logs  measure  the  reaction  of  rocks  and  contained  fluids  to 
neutron  bombardment  at  a given  distance.  Neutrons  emitted  from  a 
source  within  the  sonde  collide  with  the  nuclei  of  the  various  atoms  of 
materials  comprising  the  rock  and  contained  1 1 n ids  and  as  a result  bound 
off  and  become  scattered.  II  the  nuclei  contain  hydrogen  (or  free  pro- 
tons) , the  energy  ol  the  neutron  is  rapidly  reduced  to  thermal  velocities, 
and  it  shortly  becomes  captured  by  other  atoms.  As  a result  of  the 
capture,  energy  is  released  in  the  form  of  gamma  rays  of  capture.  These 
gamma  rays  are  measured  by  a gamma-ray  detector  located  at  a specific 
distance  Irom  the  source  in  the  sonde.  In  some  logs  the  decrease  of 
neutrons,  due  to  neutron  capture,  is  measured  by  a neutron  detector. 
Measurements  are  recorded  in  API  neutron  units.  The  distance  investi- 
gated by  the  log  in  open  hole  is  between  3/  and  1 foot  depending  on  the 
porosity  of  the  formation.  Figure  (i  illustrates  combined  gamma-ray  and 
neutron  sondes. 

Essentially,  the  concentration  of  hydrogen,  or  free  protons,  within  the 
formation  determines  the  amount  ol  gamma  rays  of  capture.  Increased 
hydrogen  concentration  results  in  increased  gamma  radiation.  Hydrogen 
in  most  sedimentary  rocks  occurs  in  the  fluids  contained  in  voids  or 
pores  in  the  rock  and  in  water  present  in  certain  minerals  (combined 
water).  The  most  common  hydrous  minerals  in  sedimentary  rocks  are 
the  clays.  Consequently  the  log  generally  responds  both  to  the  shaliness 
ol  the  formation  and  to  the  contained  1 1 u i els.  Anomalous  porosity  read- 
ings are  obtained  with  other  common  sedimentary  minerals  such  as 
gypsum  (CaS04  2 HA))  because  ol  the  water  o!  crystallization. 

Effects  To  Be  Considered  in  Evaluation 

Borehole  diameter  variations  can  have  a significant  effect  on  the  accu- 
racy erf  the  log,  and  compensation  must  be  made.  Charts  are  available 
for  mud  density  and  mud  cake  corrections.  Casing  greatly  reduces  porosity 
resolution  of  the  tool  and  makes  it  of  doubtful  use  in  quantitative  porosity 
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determinations.  Similarly,  quantitative  estimates  in  empty  holes  in  excess 
of  6 inches  in  size  are  not  likely  to  be  reliable  unless  a sidewall  neutron, 
a pad  device  having  contact  with  the  borehole  wall,  is  used. 

The  sidewall  epithermal  neutron  log  is  designed  for  operation  in 
uncased  liquid-filled  and  empty  holes  and  provides  increased  accuracy  in 
quantitative  measurements  compared  to  other  types  of  neutron  logs. 

Uses 

The  primary  use  of  the  nuclear  log  is  in  determining  porosity.  Ex- 
cluding the  presence  of  gypsum,  the  shaliness  and  presence  of  gas  in  the 
zone  are  the  critical  factors  to  consider  in  establishing  porosity  from  a 
neutron  log.  There  are  various  methods  to  compensate  for  shale  content 
in  the  prospective  horizon.  The  independent  use  of  the  gamma-ray  log 
is  perhaps  the  least  interpretive  method.  Figure  9B,  illustrates  porosity 
determined  from  the  neutron  log,  using  a proportional  log  scale  method. 
Average  shale  has  approximately  38  percent  porosity  (35  to  40  percent)  ; 
a tight  dry  sandstone,  limestone,  or  dolomite  would  have  between  1 and 
3 percent  porosity.  By  using  a logarithmic  scale  proportionally  between 
these  extremes,  which  have  been  established  on  the  log  (the  neutron 
shale  baseline  is  shown  on  Figure  9B) , it  is  possible  to  arrive  at  a reason- 
able estimate  of  the  porosity  within  a zone.  The  neutron  porosity  can 
then  be  corrected  for  amount  of  shale  present  as  determined  from  the 
gamma-ray  log,  or  from  other  methods  (Figure  9C)  . The  difficulty  fre- 
quently encountered  in  obtaining  reliable  porosity  determinations  is  in 
establishing  the  minimum  and  maximum  porosity  base  lines  for  plotting 
porosity  with  a log  proportional  scale.  Although  a reasonably  pure  shale 
can  generally  be  found  in  the  logged  section  for  the  maximum  porosity 
guideline,  an  optimumly  dense  rock  may  not  be  present  for  the  minimum 
porosity  base  line.  Some  knowledge  of  the  section  from  ah  examination 
of  the  cuttings,  or  prior  analyses  of  the  denser  zones  in  the  area,  is 
extremely  useful.  If  the  tighter  zones  are  on  the  order  of  4 to  5 percent 
porosity,  these  can  be  used  to  establish  the  minimum  guideline  at  5 
percent,  etc.  Figure  11  illustrates  the  relationship  between  core  porosity 
and  neutron  log  porosity  for  various  types  of  lithologies. 

The  effect  on  porosity  of  significant  quantities  of  gas  can  be  appraised 
by  utilizing  other  logs,  such  as  the  density  log. 

Secondary  Use  For  Fluid  Identification 

There  are  differences  in  the  hydrogen  richness  ol  reservoir  fluids. 
Water  and  low  GOR  (Gas  Oil  Ratio)  oil  have  approximately  the  same 
hydrogen  richness  while  dry  gas  has  much  less.  Since  the  ordinary  neutron 
curve  measures  in  large  part  only  the  invaded  zone,  and  the  mud  filtrate 
and  reservoir  fluids  have  approximately  the  same  hydrogen  density,  no 
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Figure  11.  Gamma-ray  neutron  survey  of  alternating  dolomitic  and 
sandstone  sequence  in  Grayburg-San  Andres  Formation  of  Texas 

(Adapted  from  Flalliburton) . 
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Figure  12.  Gamma-ray  neutron  survey  and  core  porosity  in  dolomitic 
limestone  sequence  (Adapted  from  Schlumberger)  . 
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change  is  observed  across  fluid  contacts.  IE  the  depth  of  investigation  of 
the  tool  is  increased,  the  response  from  fluids  behind  the  invaded  zone 
is  amplified.  By  combining  the  standard  neutron  and  long  spaced  neutron 
curves,  the  difference  in  the  invaded  and  natural  reservoir  fluid  response 
is  detected.  Large  deflections  to  the  right  on  the  neutron  track  are 
recorded  in  gas  zones.  These  double  .or  multiple-spaced  neutron  curves 
are  very  useful  in  some  areas.  Figure  13  illustrates  an  MS  neutron  log. 


Figure  13.  Multiple-spaced  or  dual-spaced  neutron  log  (Adapted  from 

Dresser  Atlas)  . 

The  element  chlorine  has  a significantly  large  neutron  capture  cross 
section  compared  to  other  elements.  Gamma  rays  emitted  from  different 
elements  have  slightly  different  energies.  By  utilizing  these  principles  and 
by  running  both  the  standard  neutron  log  (having  a hydrogen  sensitive 
detector)  and  a neutron  log  with  a chlorine  sensitive  detector,  it  is 
possible  to  determine,  by  the  departure  of  one  curve  from  the  other, 
the  relative  chlorine  concentrations.  After  assigning  factors  for  hole  size, 
mud  density,  caving,  connate  water  salinities,  invasion,  and  porosity  it  is 
possible  to  make  semi-quantitative  water  saturation  determinations  with 
the  chlorine  or  salinity  log.  This  log  is  especially  useful  in  conjunction 
with  a gamma-ray  neutron  for  the  detection  of  oil  and  gas-bearing  zones 
in  cased  holes  within  old  pools  and  fields  (Figure  14)  . 

Other  logs  arc  being  developed  for  identification  of  other  elements 
through  neutron  bombardment.  An  example  of  one  such  log  is  the 
oxygen  log  being  used  to  help  discriminate  between  oil  and  water. 

The  neutron  lifetime  log  which  measures  rate  of  gamma  rays  resulting 
from  the  decay  or  capture  of  thermal  neutrons  by  pulsed,  rather  than 
continuous,  neutron  bombardment  has  been  developed.  This  technique 
is  sensitive  to  the  amount  and  type  of  fluid  in  the  formation  when  inva- 
sion has  been  considered,  and  the  porosity  and  shaliness  is  known,  and 
can  afford  quantitative  formation  water  saturations. 


24 


GEOPHYSICAL  LOGGING  METHODS 


QGAS 


WATER 


Figure  14.  Chlorine  log  in  workover  program  (Adapted  from  Schlum- 

berger) . 
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DENSITY  OR  GAMMA-GAMMA  LOGS 
( Can  be  taken  in  open  holes  only,  fluid  filled  or  empty ) 

Principle 

The  density  log  measures  the  average  density  of  formations,  including 
rock  matrix  and  contained  fluids,  within  a short  distance  from  borehole. 
Gamma  rays  from  a source  in  the  tool  irradiate  the  formation.  The 
gamma  rays  are  scattered  by  electrons  of  matter  in  the  formation  around 
the  well  bore,  and  the  back-scattered  rays  are  measured  with  a gamma- 
ray  detector  located  at  a specific  distance  from  the  source.  The  intensity 
of  back-scattered  gamma  rays  is  directly  related  to  the  electron  density 
of  the  formation,  which  is  in  turn  related  to  the  actual  density  of  the 
formation  and  contained  fluids.  By  knowing  the  grain  or  matrix  density 
of  the  rock  type  (or  of  the  aggregate  of  component  minerals)  the  devia- 
tion from  this  value  generally  represents  the  effect  of  the  density  of  con- 
tained fluids.  For  all  practical  purposes  the  differences  in  density  of  the 
various  contained  fluids  is  not  significant,  with  the  possible  exception  of 
gas  under  certain  conditions  The  depth  of  investigation  is  a relatively 
short  distance  (3  to  6 inches) , that  is,  essentially  the  invaded  zone.  Con- 
sequently, by  using  a fluid  density  of  approximately  1.1  gm/cc,  the 
volume  of  contained  fluids,  or  porosity,,  can  be  readily  ascertained  from 
the  measured  deviation  from  the  known  matrix  density.  Figure  15  illus- 
trates the  decrease  in  bulk  density  (total  log  measured  density)  due  to 


Figure  15.  Relationship  of  porosity  and  bulk  density  of  some  major 
rock  types  (Adapted  from  Welex  Division  of  Halliburton)  . 
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fluid  filled  porosity  in  the  major  types  of  reservoir  lithologies.  The  bulk 
density  measurements  are  recorded  in  deflections  from  an  instrument 
zero  in  milliroentgens  per  hour,  counts  per  minute,  or  conversion  to  grams 
per  cubic  centimeter. 

Effects  to  be  Considered  in  Evaluation 

The  sonde  must  be  in  contact  with  the  walls  of  the  borehole  and  is 
generally  raised  at  slow  speed.  Figure  16  illustrates  the  density  sonde 
with  the  projecting  spring  that  keeps  the  tool  in  contact  with  the  borehole 
wall.  Borehole  variations,  particularly  roughness  and  cavings,  can  have 
a significant  effect  on  the  accuracy  of  the  log  and  should  be  compensated. 
Mud  density  and  cake  thickness  effects  can  be  corrected  by  charts.  Other 
effects  caused  by  drilling  fluid  composition  and  invasion  are  minor. 

Uses 

The  primary  use  of  density  logs  is  to  determine  porosity.  Reliable 
matrix  or  grain  density  is  very  critical  to  accurate  porosity  determinations. 
Table  1 indicates  the  range  in  densities  of  some  average  sedimentary  rock 
minerals,  fragments,  and  fluids.  It  can  be  readily  seen  that  it  would  be 
difficult  to  arbitrarily  assign  a reliable  matrix  density  for  mixed  rock 
types  such  as  a shaly  limestone,  anhydritic  dolomite,  sandy  limestone, 
etc.  Prior  matrix  density  determinations  based  on  core  analyses,  or  the 
less  accurate  calculated  aggregate  mineral  composition  density,  are  neces- 
sary for  each  formation  within  a limited  area  if  optimum  accurate 
porosity  calculations  are  to  be  anticipated.  Compilation  of  these  grain 
densities  should  be  prepared  for  a producing  province  because  of  vari- 
ability in  formations  from  area  to  area.  These  figures  should  be  made 
available  by  the  logging  service  companies,  who  through  the  necessity 
of  affording  accurate  log  interpretations  have  the  best  opportunity  to 
obtain  and  compile  such  data  over  a wide  area.  Various  methods  can  be 
used  in  making  density  corrections  for  variable  lithologic  parameters 
in  a producing  zone  of  interest.  These  frequently  entail  the  use  of  com- 
plementary logs.  It  is  possible  to  correct  for  variable  shaliness  in  the 
reservoir  by  using  a gamma-ray  log  supplemented  by  the  zone’s  average 
grain  density.  This  method  is  similar  to  that  used  in  making  shale  correc- 
tions for  the  neutron  log.  Figure  17  illustrates  the  correspondence  of 
shale-corrected  gamma-ray,  neutron,  and  density  log  porosity  with  core- 
determined porosity. 

In  order  to  correct  for  irregularities  in  the  borehole  and  mud  cake  dual 
spacing  formation  density  logs  have  been  developed.  Two  detectors  are 
employed  having  different  spacings  from  the  gamma-ray  source.  The 
shorter  spacing  picks  up  the  density  of  the  material  immediately  adjacent 
to  the  instrument,  and  the  longer  spacing,  having  more  penetration,  is 
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Figure  16.  Formation  density  logging  sondes  (Courtesy  of  Schlumberger 

and  Birdwell) . 
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Figure  17.  Core  and  density  log  porosity  in  the  Red  Valley  Sandstone, 
Venango  County,  Pennsylvania  (Adapted  from  Piper  Well  Surveys) . 


less  sensitive  to  those  irregularities.  The  signals  from  both  detectors 
are  combined  automatically  and  the  compensated  borehole  effect,  or 
corrected  density,  as  well  as  the  amount  of  compensation,  are  plotted  on 
the  log.  This  log  affords  much  more  accurate  bulk  density  information 
and  consequently  more  rapid  and  improved  porosity  calculations.  Figure 
18  illustrates  a compensated  formation  density  log. 

Secondary  Use  For  Lithology  Differentiation 
As  can  be  seen  by  Table  1 various  lithologies  have  distinctive  grain 
densities.  Some  evaporitic  rock  types  can  be  readily  distinguished  by 
utilizing  the  density  log.  After  a volumetric  appraisal  of  fluid  content, 
it  is  possible  to  arrive  at  bulk  density  variations  in  depth.  These  varia- 
tions can  be  important  in  the  analysis  of  geophysical  gravity  anomalies 
and  in  the  utilization  of  shale  densities  for  the  prediction  of  bottom-hole 
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Figure  18.  Dual-spaced  formation  density  log  (Adapted  trom  Schlum- 

berger)  . 
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Table  1 .—Grain  densities  of  selected  substances 
common  in  sedimentary  rocks 


Log  or  electron  True  density 

density  (gm/cc)  (gm/cc) 


Quartz 

2.65 

2.65 

Feldspars  (common) 

2.69 

median 

(2.55-2.82  rg) 

Micas  and  biotites 

2.90 

median 

(2.40-3.40  rg) 

Common  igneous  & metamorphic 

rock  fragments 

2.77 

median 

(2.21-3.33  rg) 

average  granite 

2.66 

Clays 

2.70  median 

(2.23-2.98 

rg) 

2.69 

median 

(2.20-3.0  rg) 

kaolinite 

2.66  median 

(2.63-2.70 

rg) 

2.64 

median 

(2.60-2.68  rg) 

illite 

2.86  median 

(2.74-2.98 

rg) 

2.88 

median 

(2.76-3.0  rg) 

chlorite 

2.80  median 

(2.62-2.98 

rg) 

2.78 

median 

(2.60-2.68  rg) 

montmorillonite 

2.48  median 

(2.23-2.74 

rg) 

2.45 

median 

(2.20-2.70  rg) 

Calcite 

2.71 

2.71 

Dolomite 

2.88 

2.87 

Anhydrite 

2.98 

2.96 

Gypsum 

2.37 

2.32 

Salts 

halite 

2.08 

2.16 

langbeinite 

2.82 

2.83 

polyhalite 

2.79 

2.78 

kainite 

2.12 

2.13 

sylvite 

1.86 

1.98 

carnallite 

1.57 

1.61 

Pyrites 

5.06 

median 

(4.95-5.17  rg) 

Limonites 

3.21 

median 

(3.51-3.90  rg) 

Water 

1.10 

1.00 

Average  crude  oil 

0.95 

0.84 

pressures  and  mud  weight  requirements  when  drilling  a hole.  Density 
variations  of  the  cuttings  may  be  measured  as  the  hole  is  drilled  by  means 
of  the  cuttings  formation  density  log.  The  density  of  cuttings  can  be 
accurately  and  quickly  measured  and  related  to  depth  while  drilling. 
Figure  19  illustrates  a cuttings  formation  density  log. 

ACOUSTIC  OR  SONIC  LOGS 
(Can  be  taken  in  open  fluid-filled  holes  only) 

Principles 

Acoustic  log  (sonic  log)  measures  various  properties  of  propagation  of 
“sound”  waves  transmitted  through  a formation  and  contained  fluids 
in  a known  distance.  A transmitter,  or  transducer,  produces  vibrational 
sound  waves  or  elastic  wave  trains.  Electronic  equipment  in  the  sonde 
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DENSITY  LOG 
Shale  Density-gm/cc 
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Cuttings  lormation  density  log  (Adapted  Irom  Baroid)  . 
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and  recorders  can  measure  the  velocity,  amplitude,  and  periodicity  of 
the  compressional  and  shear  wave  portions  of  the  elastic  wave  train 
which  has  travelled  through  the  rock.  In  this  electronic  circuit  one  or 
more  receivers  are  located  at  specific  distances  from  the  transducer.  The 
depth  of  investigation  of  the  log  varies  between  a fraction  of  a foot  to  a 
few  feet  depending  on  material  penetrated  and  the  type  of  tool  used. 
Properties  of  acoustic  conductance  of  rocks  result  from  the  combined 
conductance  of  the  rock  matrix  and  the  contained  fluids.  Similar  to 
interpretation  of  the  density  log,  by  knowing  the  velocity  of  the  rock 
type  (matrix  velocity) , differences  from  this  value  generally  represent 
the  effect  of  the  velocity  of  the  contained  fluids.  There  is  a significant 
difference  between  velocity,  amplitude,  and  periodicity  of  wave  trains 
through  formation  fluids  and  various  rock  types.  Table  2 illustrates 
this  for  velocity.  For  all  practical  purposes  the  differences  between  the 
various  fluids,  other  than  gas,  are  negligible  compared  with  the  reservoir 
rock.  Considering  the  velocity  of  fluids  as  essentially  the  same,  and 
because  there  is  a direct  relationship  between  increasing  fluid  concentra- 
tions and  increasing  transit  time,  it  is  possible  to  take  direct  readings 
of  porosities. 


Table  2 .—Some  acoustic  velocities  of  fluids  and  rocks* 


Material 

Velocity,  ft./ sec. 

Notes 

Gas 

+ 1,200 

Variable  by  pressure 
and  temperature 

Oil 

+ 4,300 

Variable  by 
composition 

Water  0-2000'  depth 

5,000 

Salt  water 

2,000-4,000'  depth 

5,200 

10-20%  greater  than 

4,000-6,000'  depth 

5,400 

fresh  water 

Shale  average 

9,500 

Sandstone  average 

19,500 

Limestone  average 

22,500 

Dolomite  average 

25,000 

Anhydrite  average 

20,000 

Gypsum  average 

19,000 

Salt  average 

15,000 

Igneous  rocks 

22,500  median 
(18,000-27,000  range, 
granite  to  pyroxinite) 

* Note:  See  also  Tabic  5. 


Effects  to  be  Considered  in  Evaluation 
There  are  various  types  of  acoustic  logging  instruments  generally 
utilized  for  porosity  determinations.  These  types  are  based  on  the  num- 
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ber  of  receivers,  the  location  ancl  distance  of  the  receivers  from  the 
transducer  (transmitter) , and  whether  the  tool  is  centralized.  Figure  20 
diagrams  one  type  of  acoustic  sonde.  The  early-developed,  non-central- 
ized  single  receiver  tool,  used  primarily  for  seismic  velocity  calibration,  is 
generally  inefficient  and  inaccurate  as  a porosity  device.  Consequently,  it 
is  not  considered  in  this  reporL.  It  is  important  to  know  the  number  and 
spacing  of  receivers  relative  to  the  transmitters,  and  the  cycle  output  of 
the  transformer  in  centralized  multiple  receiver  tools.  These  factors  de- 
termine the  depth  of  investigation  of  the  log  and  aid  in  refinement  of 
interpretation.  Borehole  variations,  except  for  very  large  caves,  have 
little  effect  on  centralized  multiple  receiver  tools.  Drilling  fluid  com- 
position and  physical  properties  have  little  effect  on  the  log.  Because  of 
the  extremely  low  acoustic  velocity  ol  gas,  significant  quantities  of  gas 
or  air  in  the  mud,  or  in  the  formation  of  interest,  result  in  anomalous 
log  readings  and  make  reliable  quantitative  porosity  measurements 
difficult  or  impossible.  These  anomalies  that  appear  as  sharp  deflections 
on  the  log  (called  cycle  skips)  , or  as  excessive  velocity  attenuation  (un- 
usually high  porosity  reading)  , can  be  qualitatively  significant.  The 
anomalous  log  deflections  clearly  indicate  intervals  that  may  be  worthy 
of  additional  consideration  as  porous  or  fractured  or  faulted  potential  gas- 
bearing reservoirs.  In  addition,  adjustment  in  instrumentation,  and  in 
some  cases  corrections,  can  be  made  to  provide  interpretative  quantita- 
tive data.  It  is  also  important  that  instrument  calibration  and  sensitivity 
be  known. 


Uses 

The  primary  use  of  the  acoustic  log  is  in  determining  porosity.  With 
this  log,  as  with  the  density  log,  reliable  matrix  parameters  are  critical 
to  accurate  porosity  determinations.  Table  2 indicates  the  range  in 
velocities  of  some  average  sedimentary  rock  types.  In  common  mixed 
rock  types  prior  matrix  velocity  determinations  are  necessary  for  each 
(urination  within  a limited  geographic  area  if  accurate  porosity  calcula- 
tions are  to  be  expected.  Compilation  ol  matrix  velocities  for  a produc- 
ing province  should  be  prepared  ancl  made  available. 

The  deviation  I rum  matrix  velocity,  as  recorded  by  the  log,  is  assigned 
to  contained  fluids  and  is  directly  related  to  porosity.  Figure  21  illustrates 
one  ol  many  common  templates  prepared  for  rapid  direct  determination 
of  porosity  I rum  a log  when  the  matrix  velocity  is  known.  Figure  22 
illustrates  sonic  log  porosities  compared  with  core  porosities.  In  forma- 
tions having  variable  mixtures  ol  rock  types,  various  correction  proce- 
dures can  be  used  to  refine  porosity  calculations.  Figure  23  illustrates 
sonic  log  porosities,  belore  and  after  shale  correction,  compared  with 
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Figure  20.  Velocity  sonde  (Adapted  from  Schlumberger) . 
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Figure  21.  Porosity  template  for  acoustic  logs  (Courtesy  of  Dresser 

Atlas) . 
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Figure  22.  Sonic  log  and  core  porosities  in  a fine-grained  sandstone  and 
shale  sequence,  Winkler  County,  Texas  (Adapted  from  Schlumberger)  . 
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Before  Shale  Correction 
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Figure  23.  Shale  corrected  sonic  porosities,  shaly  sandstone  (Adapted 

from  Schlumberger)  . 
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core  porosities  in  a very  fine-grained  shaly  sandstone.  The  method  of 
correction  is  similar  to  shale  corrections  for  the  neutron  and  density  logs 
and  utilizes  a gamma-ray  log.  Other  complementary  logs  can  be  used. 

As  noted  above,  instrumental  effects  or  “errors”  can  be  qualitatively 
important.  Figure  24  illustrates  excessively  low  velocity  and  decreased 
amplitude  associated  with  faulting.  Analysis,  interpretation,  and  where 
possible,  resolution  through  logging  adjustment  or  identification  of 
these  effects  can  provide  much  useful  information.  The  cycle  skip,  or 
excessive  attenuation  of  the  elastic  wave  train,  can  precisely  locate  frac- 
tured or  gas-bearing  pay  zones  even  though  quantitative  porosity  deter- 
minations may  not  be  possible  with  the  instrumentation  used.  Figure 
25  shows  both  the  delineation  of  fractures  by  cycle  skips  in  the  acoustic 
period  log  and  the  definition  of  an  otherwise  masked  pay  zone  by  the 
acoustic  compressional  amplitude  log.  Such  attractive  pay  intervals  may 
be  easily  missed  by  the  averaging  effect  of  other  logging  methods. 
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Figure  24.  Location  of  faulted  zones  by  acoustic  log  (Adapted  from 

Schlumberger) . 


Secondary  Use  For  Lithology  Differentiation 
The  excellent  differentiation  between  rock  types  afforded  by  the  acous- 
tic log  is  being  put  to  practical  use.  For  example,  the  difference  in 
velocity  between  salt  and  anhydrite  as  shown  on  Figure  26  allows  for 
improved  correlations  and  geological  analysis.  Modification  of  logging 
techniques  with  the  acoustic  log  has  allowed  detection  of  potash-bearing 
salts  in  the  subsurface  and  has  resulted  in  drilling  programs  designed  to 
obtain  commercial  subsurface  reserve  estimates  of  these  salts  in  various 
parts  of  the  country. 
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ACOUSTIC  PARAMETER  LOG 
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Figure  25.  Example  of  acoustic  parameter  log  recorded  behind  casing 

(Adapted  from  Dresser  Atlas) . 
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QUANTITATIVE  CORRELATIONS 

WELL  A WELL  B WELL  C WELL  D 


TRANSIT  TIME 
/A  SEC./FT. 


Figure  26.  Lithologic  differentiation  by  the  acoustic  log  (Adapted  from 

Schlumberger)  . 


Secondary  Use  For  Fluid  Identification 
The  acoustic  log  can  be  used  to  measure  or  determine  formation  fluid 
information.  Calculations  can  be  made  from  acoustic  logs  in  salt  water- 
bearing formations  for  formation  water  resistivity  if  the  formation  re- 
sistivity is  known. 

By  utilizing  combined  transmitted  wrave  train  amplitude,  periodicity, 
and  velocity  attenuation,  it  is  possible  to  differentiate  formation  fluids  as 
well  as  increasing  the  definition  of  porous  reservoir  zones.  There  are 
various  types  of  amplitude  and  complete  acoustic  wave  trains  analysis 
logs  available.  The  advantage  of  some  of  these  logs  may  be  considerable. 
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In  some  cases  they  reveal  the  occurrence  of  pay  /ones  which  are  not 
clearly  indicated  by  other  logging  methods.  Figure  27  illustrates  a few 
of  these  logs.  Because  of  space  requirement  in  this  report,  and  the 
number  of  useful  modifications  of  acoustic  logging  available,  no  attempt 
will  be  made  to  detail  these  logs.  Reference  is  made  to  service  companies 
for  additional  information. 

Secondary  Use  For  Cement  Bonding  Appraisal 
Cement-bond  logs  are  acoustic  amplitude  logs  in  which  cement  behind 
the  pipe  dissipates  the  elastic  energy  transmitted  through  the  pipe,  re- 
sulting in  significant  attenuation  of  amplitude.  Variations  caused  by 
incomplete  bonding  are  revealed  as  anomalous  differences  in  recorded 
amplitude. 

APPLICATION  OF  SONIC  AND  DENSITY  LOGS 
FOR  GROSS  LITHOLOGY  DETERMINATION 
(Utilized  in  subsurface  gravity  and  seismic  surveys ) 
Geophysical  gravity  surveys  in  essence  reflect  real  variations  in  gross 
earth  density.  Positive  gravity  anomalies  can  represent  the  location  of 
deep-seated  features  where  the  dense  basement  or  deep  stratified  rocks 
lie  closer  to  the  surface  than  in  adjoining  regions  because  of  absence  of 
past  sedimentation,  uplift,  or  folding.  Seismic  surveys  portray  variations 
in  the  propagation  and  reflection  of  sound  waves  from  rock  units  over 
specific  areas.  Positive  anomalies  could  indicate.proximity  to  the  surface 
of  specific  reflecting  horizons  due  to  faulting  or  folding.  Both  these 
geophysical  surveying  methods  are  dependent  upon  a knowledge  of  the 
lithologic  composition  of  the  subsurface.  Structure  is  not  always  the 
cause  of  the  results  portrayed. 

The  presence  of  anomalously  dense  or  high  velocity  zones  in  the 
subsurface  can  be  the  result  of  lithologic  facies  changes  occurring  in  the 
subsurface  rocks.  For  example,  the  lateral  change  of  a thick  section  of 
shelf  or  local  reef  carbonates  to  basin-developed  elastics  will  produce  a 
density  and  velocity  anomaly.  The  carbonate  section,  being  denser, 
will  be  revealed  as  a more  positive  gravity  area.  Similarly,  a seismic- 
reflecting  horizon  lying  below  the  interval  of  facies  change  will  appear 
closer  to  the  surface  in  the  area  overlain  by  carbonate  than  in  the  area 
overlain  by  elastics  because  the  sound  waves  travel  faster  through  the 
carbonate  to  and  from  the  reflecting  horizon  than  through  the  clastic 
section.  Variations  in  thicknesses  of  unconsolidated  material  near  or  at 
the  surface,  such  as  alluvial  or  glacial  deposits,  will  locally  alter  the  gross 
density  or  velocity  of  the  subsurface  rock  so  that  anomalies  will  result. 
There  are  many  other  types  of  lateral  variations  in  lithology  of  sub- 
surface rocks  that  can  produce  anomalous  results  in  gravity  and  seismic 
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Figure  27.  Examples  ol  acoustic  parameter  logs  (Adapted  trorn  Dresser 

Atlas)  . 
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surveys.  Some  additional  factors  include  discontinuities  in  porosity,  com- 
paction, and  induration  of  the  subsurface  section. 

Precision  in  gravity  and  seismic  interpretation  is  assured  by  recording 
true  subsurface  density  and/or  acoustic  time  in  logs  of  wells.  These 
“integrated”  logs  resulting  from  such  analyses  allow  interval  density  and 
velocity  determinations.  With  a minimum  number  of  these  surveys  it  is 
possible  to  define,  at  least  partially,  the  lateral  variations  in  gravity  and 
velocity  of  intervals,  and  the  location  in  depth  of  significant  density  or 
velocity  changes.  These  data  are  necessary  to  define  the  reflecting  or 
dense  horizons  that  contribute  to  the  anomalies  revealed  by  the  above 
geophysical  method.  A basis  is  therefore  provided  for  correcting  the 
anomalies  for  lateral  facies  variations  that  may  mask  or  alter  true  struc- 
ture at  depth.  Integrated  density  and  sonic  logs  are  extremely  important 
in  the  correct  interpretation  of  geophysical  surveys. 

LOGS  LISTED  UNDER  OTHER  CATEGORIES 
THAT  AFFORD  USEFUL  POROSITY  DATA 
Some  special  electrical  resistivity  logs  such  as  the  limestone  log,  pre- 
viously used  but  now  considered  obsolete,  and  the  microfocused  logs 
provide  useful  porosity  data. 

COMPARATIVE  EVALUATION  OF  THE 
VARIOUS  MAJOR  POROSITY  MEASURING  LOGS 
Table  3 lists  in  order  of  preference  the  recommended  porosity  logs 
for  various  types  of  formations  and  gross  hole  conditions.  Under  some 
formation  and  hole  conditions  an  unqualified  preference  of  one  log  type 
over  another  is  not  possible.  The  selection  in  these  cases  may  depend 
on  the  design  and  capability  of  the  available  tools  being  offered;  factors 
which  cannot  be  evaluated  in  this  report.  The  preferences  listed  are 
based  only  on  consideration  of  the  overall  capability  of  the  type  of  log 
utilizing  the  most  advanced  tool  for  the  type.  Also,  it  should  be  noted 
that  combinations  of  two  or  more  types,  such  as  the  density  and  neutron 
logs,  may  be  required  or  desirable  in  some  areas  to  obtain  reliable  and 
complete  porosity  data.  Qualified  logging  engineers  should  be  con- 
sulted for  advice  in  selection  of  logs  and  log  suites.  Table  4 supplements 
the  ratings  with  a general  appraisal  of  the  specific  effects  of  variation 
in  hole  conditions  on  the  types  of  porosity  logs  discussed. 

The  preferences  indicate  that  in  consolidated  formations,  which  are 
characteristic  of  the  subsurface  of  Pennsylvania,  the  acoustic  log  may  be 
the  best  porosity  determining  device  in  fluid-filled  open  holes.  Acoustic 
logs  appear  to  be  the  least  influenced  by  caves  and  variations  in  borehole 
size.  Although  gas  invasion  and  fluid-filled  fractures  and  large  vugs  may 
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Table  3 —Types  of  porosity  logs  in  order  of  general  preference* 

(Adapted  from:  Pirson.  1963;  Practical  well  logging,  1962;  Recommended  logging 
programs,  Schlumberger.  Dates  of  commercial  introduction  of  porosity  logs;  Neutron 
1941,  Density  1950,  and  Sonic  1954.) 


Hole  condition 

Unconsolidated 
high  porosity 
(Sands) 

Consolidated 
medium  porosity 

Hard  formations 
low  porosity 

Fresh  muds 

1.  Acoustic 

1. 

Acoustic 

1. 

Acoustic 

2.  Density 

9 

Density 

2. 

Density 

3. 

Neutron 

Salt  muds 

1.  Acoustic 

l. 

Acoustic 

1. 

Acoustic 

salinity  greater 

2.  Density 

9 

Density 

2. 

Density 

20,000  ppm 

3. 

Neutron 

3. 

Neutron 

Oil  base  muds 

1. 

Acoustic 

2 

Density 

3. 

Neutron 

Empty  or  gas 

1. 

Density 

drilled 

2. 

Neutron 

Cased  holes 

i. 

Neutron 

* Note:  See  discussion 

under  ‘‘Comparative 

Evaluation  of  the  Various 

Major  Porosity 

Measuring  Logs”.  Preferences  listed  may  not  be  applicable  in  specific  areas 
and  borehole  conditions.  A qualified  logging  engineer  should  be  consulted. 


Table  4.— General  types  of  porosity  logs  — ratings  of  some  factors 

warranting  caution 


Factors 

Acoustic 

Density 

Neutron 

Hole  size 

S-M 

(Rough  hole) 

S-M 

C laves 

S 

S-M 

S-M 

Fractures  or  large  vugs 

S-M 

Adjacent  or  bed  thickness 

s 

S 

s 

Mud  cake 

Formation  fluids  or 
invasion 

s 

(Gas) 

S 

S-M 

s 

s 

(Gas) 

Legend  of  ratings  within  reasonable  expected  limits  of  variation  of  factors:  Blank- 
negligible  to  no  effect,  S— small  effect,  or  effect  under  certain  conditions,  and  M— 
moderate  to  significant  effect. 
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adversely  affect  quantitative  porosity  measurements  from  the  acoustic 
log,  these  effects  can  be  turned  to  advantages  with  the  use  of  appropriate 
bias  settings,  receiver  spacings,  or  amplitude  measurements.  Of  further 
interest,  the  acoustic  log  is  generally  more  effective  than  other  porosity 
logs  in  very  low  porosity  rocks  (1  to  4 percent)  and  in  low  resistivity 
formations  (1  ohm  in  limestones,  and  0.2  ohms  in  sandstones)  . Table  5 
summarizes  average  radioactivity,  density,  and  velocity  for  sedimentary 
rock  types.  Errors  in  porosity  determinations  resulting  from  the  use  of 
incorrect  matrix  velocity  in  the  interpretation  of  acoustic  logs  may  in 
general  be  less  than  porosity  errors  resulting  from  the  use  of  incorrect 
matrix  densities  in  the  interpretation  of  density  logs,  ft  is  probable  that 
the  advantages  ol  the  acoustic  logs  over  the  density  and  neutron  logs  in 
consolidated  formations  outweigh  the  disadvantage  of  not  being  able 
to  run  the  former  logs  in  open,  air  or  gas-filled  holes.  It  is  suggested, 
therefore,  that  more  cable  tool  and  air-drilled  holes  be  filled  with  fluids 
for  logging,  and  that  the  acoustic  tool  be  better  evaluated  in  the  State 
of  Pennsylvania,  independently,  or  more  preferably  as  one  of  the  logs  of 
an  optimumly  designed  suite. 

PRIMARY  FLUID  EVALUATION  LOGS 

SPONTANEOUS  POTENTIAL  LOGS 
(Can  be  taken  in  fluid-filled  open  hole ) 

Principle 

The  spontaneous  potential  log  measures  natural  electrical  potential 
differences  between  a stationary  surface  electrode  having  a constant  elec- 
trical potential  and  a downhole  electrode  which  is  pulled  past  the  various 
subsurface  formations.  Currents  primarily  of  electrochemical  origin 
occur  as  the  result  ol  electrolytic  differences  across  boundaries  between 
the  conductive  drilling  fluid,  formation  fluids  contained  in  the  pores  of 
permeable  beds,  and  adjacent  shales  which  are  negatively  charged.  The 
different  formation  fluids,  containing  various  types  and  concentrations 
of  electrolytes,  result  in  varying  electrochemical  currents  with  the  drilling 
fluid.  The  potential  differences  due  to  these  currents  are  measured  with 
reference  to  the  fixed  surface  electrode  having  a constant  potential.  De- 
flections are  recorded  generally  in  millivolts. 

Effects  to  be  Considered  in  Evaluation 
The  most  important  factor  to  take  into  consideration  in  evaluation  of 
the  spontaneous  potential  log  is  a reasonably  complete  knowledge  of  the 
drilling  fluid,  specifically  the  composition,  density,  and  resistivity  of  the 
mud.  The  concentration  and  type  of  electrolytes  in  the  drilling  fluid  in 
relation  to  the  composition  of  formation  fluids  and  charged  minerals  in 


Table  5 .—Summary  of  radioactivity , density,  and  velocity  of  average 
sedimentary  rock  types  used  in  evaluating  porosity  logs 
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the  rock  establishes  the  nature  and  polarity  of  boundary  electrochemical 
currents  and  thus  the  electrical  potential  of  these  currents.  Highly  con- 
ductive (saline)  drilling  fluids  can  cause  significant  suppression  of  the 
SP  curve  and  in  conjunction  with  relatively  fresh  formation  waters  may 
result  in  an  anomalous  reversal  in  SP  peaks.  Attention  should  be  given 
to  designing  the  mud  system  in  reference  to  anticipated  formation  waters 
when  a logging  program  including  the  spontaneous  potential  curve  is 
to  be  used.  Hole  diameter  variations  affect  the  log  and  can  be  compen- 
sated by  correction  charts.  Mud  filtrate  invasion  produces  anomalies  in 
the  log  and  has  to  be  carefully  appraised.  Bed  thickness  and  shaliness 
are  significant  factors  to  consider  in  obtaining  a correct  interpretation 
from  the  curve.  Figure  28  illustrates  the  influence  some  of  these  factors 
exert  on  the  shape  of  the  SP  curve. 

Uses 

The  most  important  use  of  the  SP  curve  is  in  the  determination  of 
formation  water  resistivity  which  is  necessary  in  the  calculation  of  water 
saturations  at  formation  temperature.  By  knowing  the  chemical  com- 
position and  resistivity  of  the  drilling  fluid  and  the  shaliness  of  the 
formation,  the  spontaneous  potential  differences  exhibited  by  the  SP 
curve  can  be  assigned  to  the  effect  of  the  electrolytic  composition  of  the 
formation  fluids.  The  electrolytic  composition  is  related  to  the  electrical 
resistivity  of  these  fluids.  Formation  water  resistivity  can  be  obtained 
by  the  use  of  simple  formulas  and/or  charts  and  the  corrected  amplitude 
of  the  SP  curve  which  is  obtained  opposite  the  formation  of  interest. 
Figure  29  illustrates  a spontaneous  potential  log  and  complementary 
resistivity  logs.  The  different  influences  of  formation  fluid  resistivity 
are  apparent  between  the  fresh  water  and  salt  water  sandstones. 

Secondary  Use  For  Lithology  Differentiation 

The  spontaneous  potential  log  has  commonly  been  used  and  can  be 
used  in  geological  correlation,  in  obtaining  formation  thicknesses,  and 
in  estimating  shaliness.  A deflection  toward  the  positive  side  of  the  log 
(to  the  right)  indicates  shales  or  shaly  sections,  whereas  those  deflections 
toward  the  negative  side  of  the  log  (to  the  left)  indicate  porous  or  per- 
meable formations.  The  boundaries  of  these  beds  are  approximately  at 
the  inflection  points  of  the  curves.  The  number  of  variables  that  sig- 
nificantly influence  the  response  of  this  log,  such  as  the  composition 
and  concentration  of  formation  and  drilling  fluids  and  the  occurrence 
of  mud  invasion  generally  make  the  application  of  this  log  less  accurate 
for  correlation,  bed  thickness,  and  shaliness  determinations  than  the 
gamma-ray  log. 
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Figure  28.  Factors  to  consider  in  evaluating  spontaneous  potential  logs 
(Adapted  from  Schlumberger  and  Oil  and  Gas  Journal) . 
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Figure  29.  Spontaneous  potential  log  (Adapted  From  Bird  well) . 
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NONFOCUSED  RESISTIVITY  LOGS 
(Conventional  Logs) 

Short  and  Long  Normal  “Electric”  Logs 
(Can  be  used  in  fluid-filled  open  holes) 

Principle 

The  normal  electric  logs  measure  the  natural  electrical  resistivity 
response  of  formations  and  contained  fluids.  There  are  two  pairs  of 
current  and  potential  electrodes.  One  pair  can  be  considered  as  essen- 
tially a reference.  The  electrical  potential  measured  by  the  potential 
electrode  of  a current  emitted  by  the  current  electrode  of  the  other  pair 
reflects  the  changing  resistivities  of  formations  and  contained  fluids  as 
the  sonde  is  raised  in  the  borehole.  Most  rocks  are  nonconductive  or 
only  slightly  conductive  when  dry;  consequently,  the  changes  in  resis- 
tivity recorded  by  the  tool  can  be  assigned  largely  to  the  electrically 
conductive  fluids  contained  in  the  pores  of  the  rocks.  Both  the  volume 
and  composition  of  these  fluids  determine  the  resultant  resistivity.  The 
spacing  between  the  current  and  potential  electrode  in  the  sonde  is  criti- 
cal. Spacings  range  from  8 to  84  inches.  The  radius  of  investigation  is 
approximately  twice  the  electrode  spacing.  In  the  “short  normal”  curve 
the  spacing  is  between  16  and  18  inches  or  less.  The  objective  is  to 
determine  the  invaded  zone  resistivity.  Figure  30  schematically  illustrates 
the  zone  surrounding  the  well  bore  which  has  been  invaded  by  drilling 
fluids.  By  knowing  the  hole  fluid  resistivity,  and  with  complete  invasion, 
the  porosity  of  the  formation  can  be  estimated.  The  “long  normal” 
curve,  which  has  a usual  spacing  of  generally  64  inches,  essentially 
measures  the  resistivity  behind  the  invaded  zone,  if  invasion  is  shallow, 
that  is,  the  resistivity  of  the  formation  fluid.  If  the  volume  (pore  space) 
is  estimated  from  the  short  normal  curve,  and  a measured  resistivity  of 
the  formation  fluids  is  obtained  from  the  long  normal  curve,  then  the 
general  composition  of  a fluid  having  the  measured  resistivity  can  be 
estimated.  Therefore,  the  presence  of  gas,  oil,  and  water  can  be  reason- 
ably ascertained.  Deflections  are  measured  in  ohm-meter  units.  Figure  3 
shows  an  electric  log  sonde. 

Effects  to  he  Considered  in  Evaluation 
There  are  various  factors  to  be  taken  into  consideration  in  interpret- 
ing short  and  long  normal  curves.  Resistive  formations  appear  one  elec- 
trode spacing  too  thin,  and  conductive  beds  appear  one  electrode  spacing 
too  thick.  Beds  too  thin  for  the  electrode  spacing  used  may  have  a disk- 
shaped inverted  curve.  Figure  31  illustrates  the  effects  of  bed  thickness 
on  the  curve  shape  for  some  nonfocused  resistivity  logs.  Charts  are  avail- 
able for  correcting  lied  thickness.  Hole  diameter  variations  affect  the 
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Figure  30.  Schematic  representation  of  the  invaded  zone  (Adapted  from 

Dresser  Atlas) . 

log  but  can  also  be  corrected  by  means  ot  charts.  The  definition  and 
sharpness  of  normal  curves  decrease  with  lowering  mud  resistivity,  and  in 
salt  muds  the  curve  is  essentially  Hat.  Again,  correction  charts  are  avail- 
able for  determining  the  effect  of  the  composition  of  the  drilling  fluid. 
Of  course  it  is  essential  to  know  the  composition  or  resistivity  of  the 
borehole  Huid. 

Uses 

The  major  use  ol  the  normal  curves  is  the  identification  of  formation 
fluids.  Figure  32  illustrates  the  character  of  a typical  nonfocused  suite 
of  resistivity  logs  across  oil-  and  water-bearing  sandstone  reservoirs.  Un- 
fortunately borehole  fluid  invasion,  which  is  basically  related  to  rock 
permeability,  is  rarely  predictable  or  uniform.  Although  some  perme- 
ability is  required  lor  invasion  to  occur,  the  depth  and  distribution  of 
invasion  can  be  largely  dependent  upon  other  lactors  such  as  composi- 
tion of  drilling  fluid,  temjrerature,  pressure,  time  of  exposure,  reaction 
with  formation  fluids,  and  convection  currents  within  permeable  zones. 
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Figure  32.  Example  ot  oil  water  contact  by  nonfocused  resistivity  logs 
in  sand-shale  series  (Adapted  from  Schlumberger)  . 


The  analysis  ol  pore  volume  from  a short  normal  curve  is  therefore  at 
best  doubtful.  The  use  of  an  independent,  porosity  measuring  log,  or 
other  reliable  porosity  determination,  is  necessary  to  obtain  a usable 
porosity  or  formation  factor  (F)  . Consequently  the  independent  use  of 
only  normal  logs  is  not  favored.  When  rarely  it  is  possible  to  assume 
complete  invasion,  the  normal  logs  afford  both  reasonably  usable 
porosity  and  fluid  identification  data. 
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The  shape  of  a normal  curve  is  greatly  influenced  by  bed  thickness 
and  adjacent  bed  effects.  These  aberrations  can  be  corrected  by  means  of 
charts  when  making  formation  fluid  identification.  Because  of  these 
effects,  the  normal  curves  cannot  be  used  with  precision  for  correlation, 
although  much  information  about  the  character  of  a formation  can  be 
obtained  from  an  analysis  of  curve  shape. 

Lateral  Logs 

(Can  be  used  in  fluid-filled  open  holes) 

The  lateral  logs,  like  the  normal  logs,  measure  the  natural  electrical 
resistivity  of  formations  and  contained  fluids.  In  the  lateral  log  the  four 
electrodes  (two  potential,  two  current)  are  used  in  the  hole.  The  objec- 
tive of  the  lateral  curve  is  to  measure  the  formation  resistivity  undis- 
turbed by  invasion  effects.  This  is  done  by  choosing  one  or  more  spacings 
between  the  current  electrode  and  the  mid-point  between  the  two 
potential  electrodes  which  range  approximately  4^4  to  24  feet,  so  that 
the  current  penetrates  deeper  into  the  formation.  Effects  to  be  considered 
in  evaluation  are  similar  to  those  encountered  in  the  normal  logs.  The 
tool  is  best  utilized  for  formation  fluid  identification  in  combination 
with  other  logs,  either  porosity  measuring  logs,  or  one  or  more  normal 
curves.  Figure  33  illustrates  a lateral  log  in  a limestone  section. 

Limestone  Logs 

(Formerly  used  in  fluid-filled  open  holes) 

This  log  is  considered  obsolete  and  is  no  longer  available.  Because 
it  has  been  used,  a brief  description  and  illustration  of  the  log  is  pre- 
sented to  afford  operators  a familiarity  with  the  log  should  it  be  a source 
for  well  data  usable  to  them. 

The  limestone  log  is  essentially  two  combined  lateral  logs  having  short 
spacings  (between  32  and  37  inches) . Two  pairs  of  potential  electrodes 
are  used,  one  pair  above  and  one  pair  below,  located  at  equal  distances 
from  the  current  electrode.  The  purpose  of  the  log  is  the  definition  of 
thin  porous  zones  in  massive  hard  tight  sections.  Because  of  the  short 
spacing,  the  log  is  largely  influenced  by  invasion,  and  a knowledge  of 
borehole  fluid  resistivity  is  essential  if  maximum  formation  data  is  to  be 
obtained.  With  complete  invasion  the  log  essentially  measures  porosity. 
Figure  33  illustrates  this  log  in  combination  with  the  lateral  log  in  a 
limestone  section. 


Micrologs  (Minilogs,  Contact  Logs) 

(Can  be  used  in  fluid-filled  open  holes) 

Wall  resistivity  or  micrologs  are  used  to  measure  the  resistivity  of 
small  volumes  of  formations  adjacent  to  the  borehole.  Generally  two 
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Figure  33.  Example  of  limestone,  lateral,  and  microlog  in  limestone 
formation  (Adapted  from  Schlumberger) . 
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current  and  two  potential  electrodes,  forming  a short  lateral  log  with  a 
spacing  of  approximately  U/2  inches  (1.5  inch  radius  of  investigation) 
and  a short  normal  log  with  a spacing  of  2 inches  (4  inch  radius  of  in- 
vestigation) , are  mounted  in  a spring  pad  for  direct  contact  with  the 
sides  of  the  hole.  Figure  34  shows  a microlog  sonde.  Because  of  direct 


Figure  34.  A microlog  sonde  (Courtesy  of  Birdwell) . 
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contact  and  short  spacing,  the  tool  measures  either  mud  cake  and/or 
the  formation  fluid-flushed  invaded  zone  resistivity.  The  electrodes  must 
be  in  contact  with  the  side  of  the  borehole,  consequently,  variations  in 
borehole  diameter  and  caves  do  seriously  affect  the  accuracy  of  the  log. 
If  there  is  a thick  mud  cake,  porosity  may  be  seriously  overestimated. 
The  log  is  most  effective  in  sections  having  in  excess  of  15  percent  but 
less  than  30  percent  porosity.  Figure  35  shows  micrologs  in  both  lime- 
stone and  sandstone  sequences  in  combination  with  the  normal  and 
lateral  logs. 


FOCUSED  RESISTIVITY  LOGS 

Laterologs,  Guard  Logs,  Current  Focused  Logs 
(Can  be  used  in  fluid-filled  open  holes) 

The  focused  resistivity  logs  differ  essentially  from  the  nonfocused  logs 
in  the  way  that  the  current  is  applied  to  the  formation.  The  surveying 
current  is  projected  into  the  formation  as  a sheet  normal  to  the  borehole 
(an  essentially  horizontal  sheet)  in  the  focused  logs.  In  nonfocused  logs 
the  current  is  projected  into  the  formation  as  an  expanding  zone.  Fo- 
cused resistivity  logs  give  sharper  differentiation  of  beds  and  their 
boundaries,  a closer  approximation  of  true  resistivity  of  thin  beds,  and 
more  character  in  high  salinity  drilling  fluids  than  do  the  nonfocused 
resistivity  logs. 

Various  positions  and  spacings  of  electrodes,  similar  to  the  nonfocused 
resistivity  logs,  are  available  in  laterologs.  The  spacings  range  from 
approximately  1 to  6 feet.  The  depth  of  investigation  is  roughly  three 
times  the  spacing  of  the  tool.  In  general  the  principle  of  these  logs  is 
similar  to  the  nonfocused  logs.  The  unit  of  measurement  is  the  ohm- 
meter.  The  focused  logs  are  less  affected  by  caving,  adjacent  bed,  and 
bed  thickness  effects  than  nonfocused  logs.  These  logs  are  affected  by 
muds  of  high  resistivity  and  large  holes.  Focused  logs  are  best  adapted 
to  saline  fluid-filled  holes.  As  for  nonfocused  logs,  knowing  the  diameter 
of  invasion  is  important.  Mud  resistivity  must  be  known.  Selection  of 
appropriate  spacing  to  obtain  invaded  and  noninvaded  formation  resis- 
tivities by  using  combined  logs  is  necessary  to  increase  accuracy  in  inter- 
pretation. Figure  36  illustrates  a laterolog  taken  through  hard  forma- 
tions as  compared  with  various  nonfocused  logs.  Increased  definition  over 
the  nonfocused  logs  is  apparent  in  the  sharpness  and  amplitude  of  the 
laterolog  curve. 
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CONVENTIONAL  LATEROLOG 

RESISTIVITY  LOG 


Figure  36.  Comparison  of  conventional  resistivity  log,  laterolog  and 
gamma-ray  log  in  hand  formations  (Salt  mud)  —Permian  Basin  (Adapted 

from  Schlumberger) . 

Microfocused  Logs 

(Can  be  used  in  fluid-filled  open  holes ; includes 
rnicrolaterolog,  minifocused  logs,  Forxolog,  proximity  log,  dipmeters) 
The  microfocused  logs  are  focused  equivalents  of  the  microlog,  with 
small  disc-shaped  electrodes  embedded  in  spring  wall  pads  for  direct 
contact  with  the  borehole  wall.  Best  performance  is  obtained  in  salt 
muds,  a characteristic  of  focused  logs.  These  logs  can  be  responsive  to 
small  variations  of  lithology  which  might  occur  within  the  presence  of 
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fossils,  concretions,  pebbles,  large  vugs  and  cavities.  The  focused  micro- 
logs measure  essentially  the  resistivity  of  the  invaded  zone  adjacent  to  the 
borehole.  The  proximity  log  is  a pad  mounted  contact  tool  with  a depth 
of  investigation  of  approximately  16  inches,  and  it  is  less  sensitive  to 
inhomogeneities  in  the  well  bore,  and  is  not  as  responsive  to  mud  cake 
as  the  microfocused  log.  Figure  37  illustrates  a microlaterolog  in  com- 
bination with  a laterolog  and  gamma-ray  log. 

Advanced  dipmeter  logs  utilize  three  microfocused  resistivity  measur- 
ing devices  (microlaterologs)  positioned  in  spring  wall  pads  120  degrees 
apart  and  coordinated  with  photoclinometers  which  refer  measurements 
to  a known  azimuth  and  inclination.  From  the  three  curves  produced, 
a three-point  dip  and  strike  problem  can  be  calculated  for  any  zone 
which  is  revealed  by  microresistivity  changes.  A caliper  log  is  run  simul- 
taneously to  appraise  borehole  size  variations  that  may  affect  the  micro- 
resistivity. Accurate  knowledge  of  hole  size  is  important  in  computing 
dips.  The  three  curves  can  be  photographically  printed  on  film  or  special 
papier,  and  the  calculations  can  be  made  by  hand  or  with  adaptation  to 
magnetic  tape  by  computer.  Specific  intervals  can  be  selected  or  a con- 
tinuous dipmeter  survey  can  be  made.  The  accurate  interpretation  of 
dipmeter  surveys  is  dependent  on  knowledge  of  what  the  microfocused 
devices  are  reflecting  and  the  general  structural  and  stratigraphic  setting. 
In  addition  to  detecting  lithologic  contacts  of  various  magnitudes,  the 
dipmeter  may  reveal  faults,  fractures,  porosity  zones,  and  inhomogenei- 
ties in  the  formation.  It  is  necessary  to  supplement  the  dipmeter  survey 
with  other  log  or  sample  data  in  order  to  insure  a geologically  sound 
interpretation.  The  dipmeter  has  considerable  application  for  structural 
as  well  as  stratigraphic  information. 

Induction  Logs 

( Can  be  used  in  fluid-filled  or  empty  open  holes) 

Principle 

Induction  logs  measure  the  conductivity  (which  is  the  reciprocal  of 
resistivity)  of  formations  to  induced  electromagnetic  currents  transmitted 
from  a high  frequency  alternating  current  coil  to  one  or  more  receiver 
coils.  The  depth  of  investigation  of  induction  logs  varies  greatly  with  the 
arrangement,  spacing,  and  number  of  receiving  coils.  The  spacing  be- 
tween transmitter  and  receiver  coils  varies  from  approximately  10  to  40 
inches.  The  greater  the  spacing  the  greater  the  depth  of  investigation. 
As  in  most  electrical  measuring  devices  the  induction  log  measures  the 
conductance  (or  resistivity)  of  the  formation.  Since  the  conductance  of 
most  rock  materials  is  slight,  changes  in  conductance  can  be  assigned 
largely  to  fluids  contained  in  the  pores  of  rocks.  Both  the  volume  and 
composition  of  these  fluids  establishes  the  resultant  resistivity. 
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GAMMA  RAY  LATEROLOG  MICRO- 

LATEROLOG 


□ Mostly  Shale 


Tight  Limestone 
with  Shale  Streaks 


Porous  and 
Permeable 


R xo  : 10  Rw  ; 04 

Section  A 

R LL:  38  Rmf - 07 

Porosity  (from  MML)  : 10% 

Water  Saturation  (from  El.  Log)  31% 
Perf:  Swb.  10  BOPH  with  5%  Woter 


Figure  37.  Gamma-ray,  laterolog  and  microlaterolog  in  hard  formations 
(Salt  mud) —Kansas  (Adapted  from  Schlumberger)  . 
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By  knowing  the  porosity  from  analyses  of  complementary  logs,  or 
other  methods,  the  resistivity  of  the  formation  can  be  assigned  to  an 
appropriate  mixture  of  hydrocarbon  and  water.  The  resistivity  of  the 
hole  fluid,  if  not  gas  or  air,  must  be  known  to  evaluate  the  effect  of  in- 
vasion. Measurement  is  made  of  conductivity  in  MMHO/meter. 

Effects  to  be  Considered  in  Evaluation 

Corrections  can  be  made  for  hole  size  aberrations  in  the  analysis 
of  this  log.  Small  spacing  logs  are  most  affected  by  hole  size.  If  the  hole 
is  fluid  filled,  high  to  medium  resistivity  muds  afford  the  most  satisfactory 
results.  The  tool  is  most  accurate  in  low  to  medium  resistivity  formations. 
Bed  definition  is  good.  Multiple  induction  curves  recorded  simulta- 
neously are  called  dual-induction  logs.  The  induction  log  is  generally 
run  in  combination  with  other  logs. 

Uses 

The  prime  objective  of  induction  logs  is  to  obtain  true  formation  re- 
sistivities. From  this  computation  and  other  information  it  is  possible  to 
define  fluid  saturations  similar  to  the  results  obtained  from  other  resis- 
tivity measuring  devices.  Figure  38  illustrates  an  induction  log,  and 
Figure  39  shows  a dual  induction  log  in  combination  with  a laterolog 
and  spontaneous  potential  log.  The  resistivity  log  combination  illustrated 
by  Figure  39  provides  information  at  various  depths  of  investigation 
away  from  the  borehole.  In  addition,  the  advantages  of  added  definition 
characterize  focused-type  resistivity  logs. 


SECONDARY  USE  FOR  POROSITY  DETERMINATIONS 

The  short-spacing,  focused  and  nonfocused  logs,  and  particularly  the 
short  normal,  micro-devices,  and  proximity  logs  will  provide  some  data 
usable  for  making  porosity  computations.  In  the  case  of  the  short  normal 
and  proximity  logs  complete  invasion  has  to  be  assumed  or  demonstrated. 
When  using  the  micro-devices,  mud  cake  thickness  and  borehole  effects 
have  to  be  corrected  before  porosity  determinations  can  be  made.  With 
a resistivity  log  suite  designed  to  reveal  variations  in  formation  fluid 
from  the  borehole  to  well  beyond  expected  invasion  effects,  increased 
definition  of  fluid  composition  adjacent  to  the  borehole  can  be  obtained. 
Therefore,  better  porosity  estimates  can  be  made.  The  many  variables 
that  affect  resistivity  logs  make  them  a much  less  reliable  source  for 
porosity  data  than  the  porosity  measuring  logs. 
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CONVENTIONAL 

SP  RESISTIVITY  LOG  INDUCTION  LOG 

ohm-m 


Figure  38.  Conventional  log  and  induction  log  in  sand-shale  series— 
Gulf  Coast  (Adapted  from  Schlumberger)  . 


SOME  GENERAL  CONSIDERATIONS  IN  RESIST  1V1 1A  LOGGING 

In  choosing  the  appropriate  resistivity-measuring  logs  it  is  important 
that  considerations  be  given  to  the  anticipated  radial  depth  of  investiga- 
tion ol  available  tools.  Also,  it  is  important  to  adapt  the  type  of  log 
to  general  subsurface  conditions  and  the  borehole  fluid  in  which  the  log 
is  taken.  Table  6 summarizes  the  effectiveness  ol  the  major  resistivity- 
measuring logs  in  relation  to  these  parameters.  Other  factors  not  sum- 
marized in  the  table,  but  important  in  the  use  and  interpretation  of 
resistivity  logs,  are  hole  size,  caving,  and  instrumental  characteristics 
which  include  logging  speed  and  calibration. 
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Rmf  = .47  Rw  = .035 


Figure  39.  Example  of  dual  induction-laterolog  survey  (Adapted  from 

Schlumberger)  . 


Table  6.— Major  types  of  resistivity  measuring  log: 


64 


GEOPHYSICAL  LOGGING  METHODS 


j-.  \ 
o <-*-< 

£ 

g 

§ 1 

•5  Q- 

© c^j 

*42 

© 

2 a- 

<4-1 

3 *3 

o 

"O  2 

e s 

3 o 

•-*  o 

***>4 

© 

.fL 

QJ 

Qj  CT 

© 

© 

3 

3 

3 v ■ 

Vi 

03 

03 

QJ 

QJ 

u t-  . 

o 

LC 

L2 

CL 

CL 

0,-4 

CL 

CL 

a S S 

o 

< 

< 

< 2 p£ 

-1 

>1 

or 

w- 

h 

p< 

CO  \ 

— 

> 
1— < 

2 2 

h 

% a 

C/D 

— 

© 

<o 

3 

8 O. 

Oh 

Vi 

© 

O 

QJ 

c o 

k, 

3 

— o 

W 

03 

© 

U 

JJ 

u o’ 

e4 

3* 

3 

3 ^ 

CL 

03 

qj 

S A 

h 

03 

L2  i- 

O 

4—1 

o 

3. 

CL 

0.2  ^ 
Oh  03  » / 

Z 

< 

< s V 

c/5 

w 

(X 

or 

w- 

ds. 

> 

» * 3 

h 

*0  m-i  02 

as- 

S 03 

fg 

O ^ 
’42  ~ 
~ © 
F o 

QJ 

i fresh 
0 ppm, 
icrolog, 

g 3 
3 © 

3 

•5  § £ 

© c 
CJ 

03 

QJ 

QJ 

— S Oh 

3. 

CL 

3 

03 

QJ 

j3  , , <U 

« V “ 

u x 

03 

s H w 

4—1 

3. 

a.  Si  - 

o 

CL 

0-  ra  ^ 

Z 

< 

< s A 

(o 

3 

.© 

*42 

u 

,pS 

o 

C 

o 

S-4 

3 

O 

O 

O 

CL 

° ” 

3 S 

En 

gas 

Oil 

em 

3 S 
S £ 

© 

*© 

a: 

be 

s 

J£ 

.3 

’fcH 

*3 

Q 

E 

CO 

QJ 

QJ 


QJ 


QJ 

3 

*5c 

fab 

QJ 

Z 


co 

qj 

QJ 


ttS 


QJ 

jU 

3 

’& 

3d 


QJ 


Z 


CL 

qj 

qj 

X 


QJ 

S-H 


3 

cr 

QJ 


QJ  O 

Ui  S- 
U.  QJ 


5 s 


QJ 

ec 


CO 

U 

,QJ 

QJ 


QJ 

c 

QJ 


O 


C 

QJ 

> 

03 

> 

’Cj 

-C 

'Zh 

CO 

co 

QJ 

co 

CO 

CO 

CO 

QJ 

L. 

QJ 

J»4 

c 

QJ 

s 

QJ 

U 

o 

jC 

03 

£ 

CO 

QJ 

3 

C 

.o 

QJ 

03 

03 

QJ 

£ 

£ 

34 

$■4 

o 

CL  *+-■ 

C 

03 

(4-1 

JO 

4-1 

o 

o 

co 

O 

o 

QJ 

o 

o 

*5 

*4-> 

c 

03 


C 

#be 

co 

C 

o 

Z 


c 

03 


c 

.be 

'to 

C 

O 

Z 


.2 

'qj 

aj 

CL 

C/D 


3 

co 

.O 

C/D 


formations,  although  usable 
when  formation  resistivities  are 
greater  than  100  ohm/m. 


PRIMARY  FLUID  EVALUATION  LOGS 


65 


qj 

c 

o 


d 

QJ 

d 

03 

per- 
th  ick 

Mca- 

d 

03 

> 

<4-1 

> 

c o 

c 
o 


o ‘Z 


£ 


T3  ^ 

qj  ■- 

5 -3 

° -I 

o qj 

U L 

qj 

S 03 

^ o 

L 

^ 3 


C 

© 

QJ 


E £ 


* ft 

CL  t 


© 

© 

5 

> 

QJ  C 
l 
O 


© 

QJ 


£ 

0 

03 

QJ 

3 

u 

O 

0 

O 

be 

N 

03 

> 

£ 

0 

© 

O 

© 

03' 

’3 

© 

n 

£ 

03 

d 

QJ 

> 

Qj 

QJ 

'Z 

£ 

© 

L 

03 

o5  S3  — ^ 

g a.J 


03  © c/3 


bcS!u‘o_ 

O &■  c ° * 

P «)  O c ° 

Z P N 


— - w .5 

03  ^ T3  r“ 

•a  j s s = £ 


o 

*.  E 

C/3 

be  qj 

— 5 

O C/3 

5-  03 

QJ  QJ 


03  ?0 

£ © QJ 

03  © 

- ^ 

d .a 

O 


« S .5  -2  £ 

J « - 
- 03  > £ 

^ © CJ  c — 

— L 03 


<« 


d 

QJ 

d 

n 

> 

c 


<1  ^ 

£ .a 

CL  © 


c*  .5 


O O 

.ti 

C 

> © 
— <L 

03  d 
• • 03 

bC  QJ  *0 

0^0 
O 03  ‘C 

^ QJ  o 

Cl  c_  w 


QJ 

QJ  3 


1 

L 

03 

s~ 

. * 

QJ 

CM 

CO 

3 

0 

0 

QJ 

3 

0 

QJ 

C 

>> 

> 

© 

03 

03 

© 

CM 

J-. 

*0 

N 

QJ 

£ 

7) 

L 

03 

04 

03 

E 

6 

© 

5 

% 

1-4 

O 

£ 

03’ 

d 

QJ 

© 

03 

© 

O 

£ 

03 

QJ 

L 

3 

QJ 

L 

QJ 

3 

QJ 

CL 

© 

QJ 

© 

0 

03 

QJ 

L 

L 

QJ 

CL 

U 

u 

O 

z 

03 

QJ 

L* 

0 

N 

d 

3 

O 

L 

O 

O 

03 

© 

QJ 

3 

z 

L 

CL 

(A 

QJ 

zone 

O 

3 

O 

or  t 

3 

O 

03 

QJ 

24". 

03 

> 

C 

C 

'© 

QJ 

© 

3 

C 

© 

CD 

03 

QJ 

thin 

cJd 

O 

—4 

03 

QJ 

<L 

d 

© 

O 

— v 

*— 

03 

r- 

, 

© 

— 

Q 

CM 

> 

d 

• — 

CO 

CM 

£ 

be 

N 

QJ 

L 

>■* 

© 

6 

C 

cr> 

QJ 

i-4 

by 

6 

c 

O 

3 

QC 

c 

c 

d 

C 

3 

d 

c 

#o 

QJ 

© 

_o 

QJ 

© 

C* 

03 

£ 

QJ 

QJ 

tt= 

© 

QJ 

5 

03 

£ 

QJ 

QJ 

t3 

© 

QJ 

i-4 

03 

© 

s- 

03 

© 

1 ^ 

be 

in 

*03 

L 

be 

c 

c d 

J-4  03 

c 0 

03 

03  QJ 

03’ 

03 

03 

O 

>• 

03 

QJ 

03 

E 

E « 

QJ 

£ 

£ 

© 

d 

QJ 

ong 

ures 

*-< 

03 

QJ 

L 

£ 

© 

^ c 

03 

Li 

c 

© 

c 

_c 

03 

03 

->  03 

© 03 

QJ 

CD 

03 

03 

> 

03 

03 

QJ 

d > 

3 

QJ 

4-4 

> 

c 

— S 

03  • — 

QJ 

be 

c7 

S 

03 

C 

QJ 

be 

C 

© 

CD 


03 

.3 

d 

03 


QJ 

3 

O 

N 


£ ► 


►*  a 

3 


•-  O 

d ^ 

03  ^ 


I £ 
*-*  > 
03  * — 


(adAj  Soj  ipca  joj  pajBDipui  jyj  amuixcuddy) 
3[oqaaoq  uio-iy  jno  uoi)bS;js3aui  jo  snippyj 


Long  1)  Long  lateral:  RI  19'.  1)  Guard  and  laterolog  3 or  1)  Example  6FF40  or  equiv. 

radius  Measures  formation  resistivity.  equiv.:  RI  18'.  Measures  forma- 

(Measures  Best  in  thick  homogeneous  tion  resistivity.  Good  definition 

formation  beds.  in  thin  or  thick  beds. 

resistivity) 
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The  purpose  and  principle  upon  which  these  logs  are  based  is  the 
measurement  of  electrical  resistivity  (or  in  the  case  of  the  induction 
logs  the  reciprocal  of  electrical  resistivity,  i.e.  conductivity)  of  the  for- 
mation and  contained  fluids.  Inasmuch  as  most  productive  reservoir 
rocks  are  highly  resistive  to  electrical  currents  when  dry,  it  is  actually 
the  resistance  of  contained  fluids  that  contribute  mostly  to  the  measure- 
ment. In  order  to  reasonably  judge  the  composition  of  connate  liquids 
by  the  measured  resistivity  it  is  necessary  to  know  the  volume  of  fluids 
that  is  present,  i.e.,  the  porosity,  assuming  that  consideration  has  been 
given  to  formation  temperature  and  pressure.  Although  it  is  possible  to 
arrive  at  the  volume  by  use  of  combinations  of  short  and  deep  investiga- 
tive resistivity  logs,  or  by  utilization  of  resistivity  measurements  of  known 
100  percent  salt  water  saturated  portions  of  the  formation  of  interest, 
the  assumptions  that  have  to  be  made  by  these  methods  can  frequently 
result  in  significant  interpretive  errors.  Lacking  cored  porosity  deter- 
minations, it  is  advisable  to  have  an  appropriate  porosity  log  to  use  in 
conjunction  with  the  desired  resistivity  curves. 

Except  in  empty  or  gas  drilled  holes,  the  effect  of  invasion  by  drilling 
fluids  is  the  most  important  consideration  to  reasonably  accurate  inter- 
pretation of  these  logs.  In  the  case  of  empty  or  gas  drilled  holes,  possible 
loss  of  formation  fluids  by  flushing  into  the  open  hole  may  have  to  be 
evaluated.  Invasion  must  be  ascertained  from  the  log  suite  used  in  order 
to  determine  whether  the  resistivity  of  the  formation  truly  represents  the 
composition  of  formation  fluids  or  may  in  part  consist  of  invaded  drilling 
fluids  which  have  displaced  some  or  all  of  the  formation  fluids. 

It  is  necessary  that  the  resistivity  of  the  drilling  fluid  be  known.  It 
is  also  advisable  to  have  resistivity  or  salinity  analyses  of  produced  fluids 
from  the  horizon  of  interest  from  nearby  fields  or  wells.  By  knowing  the 
porosity,  and  at  least  the  resistivity  of  the  drilling  fluid,  it  is  possible 
to  obtain  a reasonable  interpretation  of  the  composition  of  reservoir 
fluids  by  utilizing  appropriate  combinations  of  short,  medium,  and  long 
radius  logs.  Measurements  recorded  from  these  logs  are  derived  from 
both  the  known  invaded  zone  immediately  adjacent  to  the  borehole,  as 
well  as  the  area  located  some  distance  from  the  borehole  where  invasion 
can  be  considered  minimal  or  negligible.  Various  combinations  of  these 
logs  are  available  and  can  be  recommended  by  logging  service  companies. 
In  liquid-filled  holes  it  is  advisable,  if  not  essential,  that  more  than  one 
resistivity  log  is  taken. 


PRIMARY  FLUID  EVALUATION  LOGS 
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NUCLEAR  MAGNETIC  LOG 
(Can  be  taken  in  specially  treated  fluid-filled  open  hole) 

Principle 

There  are  certain  atoms  that  have  the  properties  of  both  nuclear  spin 
and  magnetic  moment.  Of  these  atoms  only  hydrogen  has  sufficient 
magnetic  moment  to  be  identifiable  under  well-logging  conditions.  The 
nuclear  spin  and  magnetic  moment  causes  the  free  hydrogen  atom  to 
behave  like  a magnetic  gyroscope  where  the  orientation  of  the  spinning 
atom  is  controlled  by  the  earth’s  magnetic  field.  By  applying  a strong 
artificial  magnetic  field  normal  to  the  magnetic  field  of  the  earth,  the 
hydrogen  atom’s  spinning  orientation  is  altered,  and  the  atoms  become 
aligned  with  the  induced  field.  When  the  artificial  magnetic  field  is 
stopped,  the  atom  will  return  to  orientation  with  the  earth’s  magnetic 
field.  The  changing  orientation  of  the  atom  generates  voltage  which 
can  be  measured  by  a suitably  placed  coil. 

The  hydrogen  atom  is  free  enough  to  be  magnetically  altered  only  in 
liquid.  In  chemical  combination  in  rock  minerals,  the  hydrogen  atom 
is  not  as  susceptible  to  magnetic  changes.  As  a consequence,  the  log 
measures  reservoir  fluids  essentially  independent  of  lithology.  It  is  the 
only  log  most  directly  measuring  fluid  content.  The  quantity  of  free 
hydrogen  in  the  pores  of  rocks  determines  the  amount  of  voltage  received 
by  the  receiver  coil  in  the  sonde.  Thus,  the  free  fluid  curve  of  the  nuclear 
magnetic  log  will  indicate  the  varying  proportions  of  fluids  occurring  in 
the  logged  formations.  The  measurement  is  recorded  in  relative  amounts 
as  a free  fluid  index. 

After  determination  of  zones  containing  fluids  by  use  of  the  free  fluid 
curve,  the  tool  can  be  located  opposite  these  zones  and  a known  magnetic 
current  is  applied  for  a specified  period  and  the  time  for  thermal  relaxa- 
tion, or  return  to  magnetic  stability  with  the  earth,  is  measured.  The 
thermal  relaxation  time  is  related  to  the  composition  of  the  fluid,  and 
by  analyses  of  the  time  curves,  or  the  fluid  identification  mode,  it  is  possi- 
ble to  arrive  at  a semiquantitative  estimate  of  the  oil  and  water  content 
of  the  reservoir  fluid. 


Effects  to  be  Considered  in  Evaluation 

The  most  important  factor  to  be  considered  is  the  assurance  that  the 
borehole  fluid  is  not  magnetically  polarized.  In  order  to  assure  this,  mag- 
netic particles  are  added  to  the  mud  and  circulated  just  prior  to  logging. 
Large  amounts  of  ferromagnetic  and  paramagnetic  minerals  in  the  reser- 
voir rocks  may  produce  localized  magnetic  field  disturbances.  In  general, 
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these  rare  occurrences  can  be  recognized  and  taken  into  consideration 
during  interpretation.  Hole  diameter,  deviation,  caving  effects,  and  in- 
vasion have  to  be  taken  into  account.  The  technique  is  not  applicable 
to  gas-hearing  horizons. 

Uses 

The  nuclear  magnetic  log  affords  direct  definition  of  the  occurrence 
of  formation  fluids  and  a semiquantitative  determination  of  the  amount 
of  oil  and  water.  The  tool  is  also  considered  useful  in  finding  oil  in 
fractured  shales,  fresh  water  sands,  and  shaly  sands  where  other  logging 
methods  do  not  afford  unambiguous  interpretations.  Figure  40  illustrates 
a nuclear  magnetism  log  run  through  an  interbedded  dolomitic  sandstone 
and  shale  sequence  where  definition  of  reservoir  zones  is  difficult  by 
conventional  porosity  and  resistivity  logs.  The  free  fluid  index  log  clearly 
illustrates  fluid-bearing  reservoir  zones,  and  the  fluid  identification  mode 
indicates  varying  amounts  of  water  in  these  zones. 


DIFFERENTIAL  TEMPERATURE  LOGS,  DELTA  LOGS 
(Can  be  taken  in  fluid-filled  or  empty  holes,  open  or  cased ) 

Principle 

Because  of  the  cooling  effect  of  an  expanding  gas  entering  the  borehole 
from  a reservoir,  a significant  temperature  anomaly  is  observed  by  the 
temperature  log.  The  size  of  the  anomaly  is  usually  related  to  the  rate 
of  gas  How.  By  use  of  resistance  thermometers,  or  thermistors,  mounted 
in  the  sonde  and  connected  to  a wheatstone  bridge  a continuous  tempera- 
ture survey  of  the  borehole  is  taken.  The  anomalous  deviation  in  the 
geothermal  gradient  which  is  caused  by  gas  cooling  is  recorded  as  a 
relatively  sharp,  peaked  curve  in  the  otherwise  reasonably  straight  but 
gradually  increasing  (with  hole  depth)  temperature  line.  The  electrical 
unbalance  of  the  wheatstone  bridge  resulting  from  differential  tempera- 
ture between  the  thermistors  is  directly  calibrated  in  degrees  Fahrenheit. 
Because  of  logging  speed  and  the  rise  of  the  gas  toward  the  surface  as 
it  enters  the  borehole,  the  recorded  curve  is  usually  positioned  somewhat 
higher  than  the  actual  gas-producing  interval. 


PRIMARY  FLUID  EVALUATION  LOGS 
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Figure  40.  Nuclear  magnetism  log  (Adapted  from  Dresser  Atlas)  . 
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Effects  to  be  Considered  in  Evaluation 
Borehole  fluid  level,  occurrence  of  fluid  production,  and  variation  in 
borehole  fluid  composition  with  depth  affect  the  accuracy  of  the  log  and 
must  be  taken  into  consideration.  Type  and  variation  in  materials  imme- 
diately behind  pipe,  if  the  log  is  run  in  cased  holes,  also  must  be  con- 
sidered. The  log  is  not  definitive;  consequently,  the  effect  of  multiple, 
thin,  producing  intervals  is  merged,  and  the  resultant  curve  is  broad. 
Logging  speed  is  important. 


Uses 

The  major  use  of  the  log  is  the  direct  definition  of  gas-bearing  inter- 
vals. Figure  41  illustrates  a temperature  log  and  shows  a significant 
anomaly  opposite  porosity  (indicated  on  density  log)  in  the  Mississippian 
Big  Lime  of  West  Virginia. 


CALIPER  LOGS 

(Can  be  taken  in  fluid-filled  or  empty  holes , open  or  cased) 

PRINCIPLE 

The  caliper  log  is  an  instrument  designed  to  measure  the  variation  in 
the  diameter  of  a borehole.  Flexible  springs  which  ride  along  the  walls 
of  the  hole  are  compressed  or  extended,  as  the  tool  is  raised,  by  the 
variations  in  the  hole  size.  These  changes  are  mechanically  projected 
into  the  sonde  and  by  means  of  coils  converted  into  electrical  impulses. 
The  inches  of  deflection  from  bit  size  are  transmitted  to  the  surface  and 
recorded  on  film.  Figure  42  illustrates  the  caliper  sonde  and  log. 

USES 

The  caliper  log  is  frequently  run  in  conjunction  with  other  logs  when 
hole  size  information  is  critical  in  establishing  accurate  interpretations. 
In  fact,  analogous  hole-size  measuring  systems  exist  in  the  microlog, 
microlaterolog  and  dipmeter  sondes.  Thus  micro  caliper  logs  are  run 
simultaneously  with  these  surveys. 


ADDITIONAL  WELL  INFORMATION 

Space  limitations  prohibit  adequate  presentation  of  various  other  types 
of  services  that  can  afford  critical  information  on  reservoir  condition  and 
fluid  content.  It  is  advisable  to  always  keep  in  mind  all  methods  of 
evaluating  the  potential  for  commercial  production  and  reserves  of  hydro- 
carbons through  a well  bore.  Excluding  production  tests,  these  other 


GAMMA-RAY  NEUTRON  PROXIMITY  BULK  DENSITY  TEMPERATURE  DEGREES 

AR/HR  CALIBRATOR  UNITS  INDEX  Gm/CC  FAHRENHEIT 
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Figure  41.  Temperature  log  (Adapted  from  Birdwell) . 
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CALIPER  TOOL  CALIPER  LOG 

(Schematic  Drawing ) 


Figure  42.  Caliper  tool  and  log  (Adapted  from  Schlumberger) . 


services  include  automatic  drilling  time  recorders  such  as  the  geolograph, 
standard  and  chromatograph  gas  detectors,  wire  line  testing  services  for 
lithology  plugs  and  fluid  evaluation,  drill  stem  and  gas  flare  fluid  tests, 
and  the  cutting  of  cores.  To  get  the  maximum  return  of  data  warranted 
by  the  proportionally  large  investment  made  in  drilling,  it  behooves  the 
operator  to  carefully  consider  the  anticipated  drilling  program  for  every 
well,  field  or  wildcat  and  to  include  those  geophysical  logs  and  other 
services  that  will  insure  an  adequate  appraisal  of  the  hydrocaTbon  poten- 
tial for  all  potentially  prospective  reservoir  zones  encountered  by  drill- 
ing. A necessary  adjunct  to  sound  log  interpretation  on  all  but  the  most 
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closely  controlled  field  wells  is  a good  sample  program,  using  a sample 
log  drawn  by  a competent  geologist  from  careful  examination  of  samples 
of  well  cuttings  which  have  been  caught  at  regular  intervals,  properly 
washed  and  tagged.  The  most  profitable  use  of  well  logs  is  in  conjunction 
with  a good  sample  log,  adequate  drill  stem  test  data,  and  when  available, 
core  analysis  of  the  potential  reservoir  zones. 

Table  7 summarizes  the  generally  accepted  logging  programs  for  various 
hole  conditions. 


PENNSYLVANIA  LOGGING  PROGRAM 

Most  reservoir  zones  in  Pennsylvania  can  be  classified  under  the  cate- 
gory of  hard  formations,  thus  the  acoustic  log  may  afford  the  most 
porosity  data  according  to  published  recommended  programs.  Consider- 
ing the  importance  of  fracturing,  particularly  in  deep  production  in  the 
State,  the  application  of  the  acoustic  log  warrants  further  emphasis. 
Unfortunately,  many  holes  are  drilled  without  fluid,  and  thus  this  log 
cannot  be  taken.  Consideration  should  be  given  to  the  added  informa- 
tion afforded  by  an  acoustic  log  against  the  time  and  cost  in  fluid-filling 
empty  holes  for  logging.  If  a density  log  is  used  in  open  air  or  gas-drilled 
holes  it  is  advisable  that  a caliper  log  be  taken.  The  effect  of  hole  size 
variations  on  the  density  log  can  be  considerable  if  wall  contact  is  lost 
in  caves  or  sharp  washouts. 

It  is  also  recommended  that  a suite  of  logs  be  run  that  will  afford 
information  on  all  major  categories  of  required  evaluation  data,  that  is, 
lithology,  porosity,  and  fluid  content.  The  practice  of  a one  or  two  log 
program  which  is  common  in  Pennsylvania  oil  and  gas  fields  should  be 
recognized  as  being  inadequate.  The  added  expense  from  unnecessary 
completion  attempts,  and/or  the  loss  in  possible  profits  from  unrevealed 
productive  reservoirs  may  more  than  outweigh  the  limited  additional 
expense  in  providing  a complete  logging  program.  Full  hole  logs  for  at 
least  lithology  and  porosity  are  strongly  recommended. 


Table  1 .—Summary  of  recommended  logging  programs.  (Adapted  from  Pirson,  1963;  Practical  well  logging, 

Recommended  logging  programs,  Schlumberger) 

Unconsolidated  Medium  hard  Hard  formations 

Borehole  condition  Information  formations  formations  ( Low  porosity) 

and  drilling  fluid  desired  (High  porosity ) (Moderate  porosity) 
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Perm  and  Invasion  Microlog  Microlog  Microlog 

Hole-size  corr.  Caliper  Caliper  Caliper 


Lithology  Gamma-ray  (Also  sonic-density-neutron  cross  plots) 

Porosity  1)  Sonic  1)  Sonic  I)  Sonic 

2)  Density  2)  Density  2)  Density 

3)  Neutron  3)  Neutron 

Salt  mud  Fluids  1)  Focused  I)  Focused  I)  Focused 


Note:  Choice  of  logs  listed  in  order  of  decreasing  preference. 
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APPENDIX 

SOME  COMMON  ABBREVIATIONS 


API  GR  Unit— API  gamma-ray  unit 
API  N Unit— API  neutron  unit 
CPS— Neutron  standard  counts  per 
second 

CU— Counting  units 
D— Diameter  of  hole 
Db  or  Pb— Bulk  density 
Dg— Grain  density 
DST— Drill  stem  test 
F— Formation  factor 
GM/CC— Gram  per  cubic  centime- 
ter 

K— Specific  permeability 
Mr/hr— Milliroentgen  per  hour 
PPM— Parts  per  million 
R— Resistivity 
Ra— Apparent  resistivity 
Ri— Invaded  zone  resistivity 


RI— Radius  of  investigation 
Rm-M  ud  resistivity 
Rmf— Mud  filtrate  resistivity 
Ro— Resistivity  of  porous  rock  at 
100  percent  connate  water  satura- 
tion 

Rt— True  resistivity 
Rw— Connate  water  resistivity 
Rxo— Flushed  zone  resistivity 
Sg— Gas  saturation 
So— Oil  saturation 
SP— Spontaneous  potential 
Sw— Connate  water  saturation 
M Sec/Ft— Micro  seconds  per  foot 
Ug  Ra-eg/ton— Micro-gram  radium 
equivalent  per  ton 
Vm— Matrix  velocity 


Referenced  Alphabetical  Listing  of  Log  Types  Discussed 
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Type 
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Type 

Page 

Acoustic 

30 

Electric 

49 

Caliper 

18,  70 

Focused  resistivity 

56 

Cement-bond 

40 

Forxolog 

58 

Chlorine 

23 

Gamma  gamma 

25 

Contact 

53 

Gamma-ray 

10 

Core  gamma 

14 

Geophysically  integrated 

40 

Current  focused 

56 

Guard 

56 

Cuttings  formation  density 

30 

Induction 

59 

Delta 

68 

Lateral 

53 

Density 

18,  25 

Laterolog 

56 

Differential  temperature 

68 

Limestone 

42,  53 

Dipmeter 

19,  58 

Microfocused 

42,  58 

Double  spaced  neutron 

23 

Microlaterolog 

58 

Dual  spacing  formation 

Microlog 

53 

density 

26 

Minifocused 

58 
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T ype  Page 

Minilog  53 

Neutron  19 

Neutron  lifetime  23 

Nonfocused  resistivity  49 

Normal  49 

Nuclear  magnetic  67 

Oxygen  23 
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Proximity 
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Salinity 
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Sidewall  epithermal  neutron 
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Sonic 
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